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      INTRODUCTION 
 
The cultural tourism is one of the most important economic activities in the world and 
represents the 10% of the world GNP. 
In Europe is very common to find a lot of buildings, churches and structures with 
important characteristics in terms of historical and cultural values that must be transfer 
to the future generations as an evidence of the past civilizations. 
For the reasons said before and for a cultural sensitivity is very important to preserve 
the artistic and historical heritage. 
In order to assure a good state of preservation it is possible to identify different degrees 
of intervention on the structures, in the following reported [Lecture 1-Unit 6 SAHC 
masters course, introduced by Milos Drdacky]: 
• Prevention of deterioration 
 Prevention and control of environment; 
 Prevention of intentional damage; 
 Supporting maintenance. 
• Preservation 
 Installation of early warning systems; 
 Prevention of further decay; 
 Stopping damage and destruction caused by water, chemical agents, 
micro-organism and pests. 
• Consolidation (direct conservation) 
 Structural system integrity must be respected; 
 Using traditional skills and materials; 
 Temporary measures to “buy time” for future technology development. 
• Restoration  
 Cleaning; 
 Restoration and reintegration of details and features; 
 replacement of missing or decayed parts; 
 Re-erection of dismantled or destroyed structures; 
 Re-erection of fallen fragments of ruins in their original position. 
• Rehabilitation 
 Enhancement; 
 Modernization; 
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 Retrofitting and structural strengthening; 
• Reproduction (replacement) 
 In order to replace some missing or decayed parts; 
 To maintain the aesthetic harmony of the construction; 
• Reconstruction 
 Based upon accurate documentation and evidence; 
 Based on profound knowledge of ancient technologies; 
 Moving of entire buildings; 
 
A sustainability-based approach used to preserve the historical structures is composed 
by three main conditions [Lecture 1-Unit 6 SAHC masters course, introduced by Milos 
Drdacky]: 
• Maximum authenticity (original material, original functioning, preservation of 
original concepts, protection of technological traces, conservation of 
technological “samples”, exposition of structure for interpretation); 
• Reasonable safety and reliability (reassessment based on data from tests and 
from documentations); 
• High grade of durability. 
 
Before studying the preservation’s techniques, it is necessary to know the causes that 
lead to the partial collapse or to the damages of the structures. 
It is very important to analyse the historical structure under seismic actions because 
when they were built the horizontal forces due to the earth motion ware impossible to 
consider because there were not the knowledge about it. 
Horizontal forces represent an important action on the structure, either for new 
constructions and existing one,  and not considering them can lead to have structures 
susceptible to the effect of earthquake. 
The main object of this dissertation work is based on the evaluation of the safety of the 
Gothic Churches under seismic action using the limit analysis computation tool namely, 
Capacity Spectrum Method (C.S.M.). 
The C.S.M. has been applied on three Spanish Gothic structures in the following listed: 
• Santa Maria del Mar Church; 
• Santa Maria del Pi Church; 
• Mallorca Cathedral. 
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The following chapters have been arranged in order to have clear the necessary 
information to apply the Capacity Spectrum Method. 
In the first chapter the medieval period, the Gothic art and the geometrical description 
of the churches listed before will be introduced. 
The geometrical information about the structures is very important in order to 
implement the limit analysis computation and trace of the safety of constructions. 
The evaluation of seismic behaviour of the historical structures will be discussed in the 
second chapter, taking into account the knowledge about the churches and the structure 
built with large space. 
In the third chapter the Capacity Spectrum Method will be explained and the demand  
due to the seismic actions on the structures object of the study will be reported. 
The computation of seismic actions will be done using the dispositions of  the seismic 
codes Eurocode 8 - Design of the structures for earthquake resistance – Part 1 (general 
rule, seismic actions and rules for buildings) and NCSE-02 (Spanish design code). 
After introducing the method the main results for each structures will be reported in the 
fourth chapter (considering the seismic action according to EC-8) and fifth chapter 
(seismic action according to Spanish code). 
It is very important to analyse the structures and to describe the results obtained in the 
previous chapter, being aware that the interpretations of the calculations are 
fundamental in order to establish the correct problems solution; in the sixth chapter, the 
supposed strengthening techniques will be introduced.  
In the end of the work, it is necessary to summarize the obtained results and 
conclusions about them will be reported in the seventh chapter. 
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INTRODUCCIÓN  
 
El turismo cultural es una de las más importantes actividades económicas en el mundo 
y representa el 10% del PIB mundial. 
En Europa es muy común encontrar una gran cantidad de edificios, iglesias y 
estructuras con características importantes en términos de valores históricos y culturales 
que se deben transferir a las generaciones futuras como una evidencia del pasado 
civilizaciones.  
Por las razones antes dicho y por una sensibilidad cultural es muy importante para 
preservar el patrimonio artístico-histórico. 
Con el fin de asegurar un buen estado de conservación es posible identificar diferentes 
grados de intervención en las estructuras, en los siguientes informó [Clase 1-Unidad 6 
SAHC curso de máster, presentado por Milos Drdacky]: 
• Prevención del deterioro 
 Prevención y control del medio ambiente; 
 Prevención de daños intencionales;  
 Apoyar el mantenimiento. 
  
• Preservación 
 La instalación de sistemas de alerta temprana; 
 Prevención de caries más; 
 Dejar de daños y destrucción causados por el agua, agentes químicos, 
microorganismos y parásitos. 
 
• Consolidación (directo conservación) 
 La integridad del sistema estructural debe ser respetado; 
 El uso de técnicas tradicionales y materiales; 
 Medidas temporales para "comprar tiempo" para el futuro desarrollo de 
la tecnología. 
 
• Restauración 
 Limpieza; 
 La restauración y la reintegración de los detalles y características;  
 sustitución de los desaparecidos o degradado partes; 
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 Re-construcción de desmanteladas o destruidas las estructuras; 
 Re-construcción de caído fragmentos de ruinas en su posición original. 
 
• Rehabilitación 
 Ampliación; 
 Modernización; 
 Retroadaptación y el fortalecimiento estructural; 
 
• Reproducción (sustitución) 
 Con el fin de sustituir algunos desaparecidos o degradado partes; 
 Para mantener la armonía estética de la construcción; 
 
• Reconstrucción 
 Sobre la base de la documentación precisa y pruebas; 
 Sobre la base de un profundo conocimiento de las antiguas tecnologías; 
 Mudarse de edificios enteros; 
 
Una sostenibilidad enfoque utilizado para preservar las estructuras históricas se 
compone de tres condiciones principales [Clase 1-Unidad 6 SAHC curso de máster, 
presentado por Milos Drdacky]: 
• Máximo autenticidad (material original, original de funcionamiento, la 
preservación de conceptos originales, la protección de los restos tecnológicos, la 
conservación de los avances tecnológicos "muestras", exposición de la 
estructura de interpretación); 
• razonables de seguridad y fiabilidad (reevaluación sobre la base de datos de 
pruebas y de documentación);  
• Alto grado de durabilidad. 
  
Antes de estudiar la preservación de técnicas, es necesario conocer las causas que 
conducen a la caída o parcial de los daños y perjuicios de las estructuras. 
Es muy importante analizar la estructura histórica en virtud de las acciones sísmicas, 
porque cuando se construyeron las fuerzas horizontales debidas a la tierra ware moción 
para considerar imposible porque no había el conocimiento sobre ella. 
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Fuerzas horizontales representan una importante acción sobre la estructura, ya sea para 
construcciones nuevas y existentes, y teniendo en cuenta no les puede llevar a disponer 
de estructuras sensibles a los efectos del terremoto. 
El principal objetivo de esta tesis trabajo se basa en la evaluación de la seguridad de las 
iglesias góticas bajo la acción sísmica usando el límite herramienta de análisis de 
computación es decir, la capacidad del espectro Método (CSM). 
El C.S.M. se ha aplicado en tres estructuras gótico español en la siguiente lista: 
• Santa María del Mar; 
• Santa Maria del Pi; 
• Catedral de Mallorca. 
  
En el primer capítulo la época medieval, el arte gótico y la descripción geométrica de 
las iglesias antes enumerados serán introducidos. 
El geométricas información sobre las estructuras es muy importante, a fin de aplicar el 
límite de cálculo y análisis de trazas de la seguridad de las construcciones. 
La evaluación del comportamiento sísmico de las estructuras históricas se debatirá en el 
segundo capítulo, teniendo en cuenta los conocimientos sobre las iglesias y la 
estructura construida con gran espacio. 
En el tercer capítulo de la capacidad del espectro método se explicará y la demanda 
debido a las acciones sísmicas en las estructuras objeto del estudio se informó.  
El cálculo de acciones sísmicas se llevará a cabo mediante las disposiciones de los 
códigos sísmicos Eurocódigo 8 - Diseño de las estructuras de la resistencia a los 
terremotos - Parte 1 (por regla general, las acciones sísmicas y reglas para los edificios) 
y NCSE-02 (código de diseño español). Después de presentar el método, los principales 
resultados de cada estructuras serán reportados en el cuarto capítulo (teniendo en 
cuenta la acción sísmica de acuerdo con la CE-8) y quinto capítulo (acción sísmica de 
acuerdo con el código español). Es muy importante analizar las estructuras y para 
describir los resultados obtenidos en el capítulo anterior, siendo consciente de que la 
interpretación de los cálculos son fundamentales a fin de establecer la correcta solución 
de problemas; en el sexto capítulo, supone el fortalecimiento de las técnicas se 
introducirán. 
Al final de la obra, es necesario hacer un resumen de los resultados obtenidos y las 
conclusiones acerca de ellos serán reportados en el séptimo capítulo. 
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      INTRODUZIONE 
 
Il “turismo culturale” è uno delle più importanti attività economiche al mondo e 
rappresenta il 10% circa della produzione economica mondiale 
Chiese, palazzo e strutture di vario genere con una rilevanza storica e culturale sono 
molto comuni in tutta Europa ed è necessario preservarle in modo da consentire alle 
future generazioni di appezzare le civiltà passate. 
Per i motivi sopraccitati, tenendo in considerazione la necessaria sensibilità culturale, è 
necessario proteggere il patrimonio artistico. 
Allo scopo di assicurare un ottimo stato di conservazione delle costruzioni 
monumentali, è possible distinguere differenti gradi di intervento che possono sono 
classificati come di seguito riportato [lezione 1 – Unit 6 SAHC masters corse, 
presentata dal Prof. Milos Drdacky]: 
• Prevenire il degrade delle strutture 
 Prevenzione e controllo ambientale; 
 Prevenzione da danni intenzionali; 
 Manutenzione. 
• Conservazione 
 Istallazione di strumenti elettronici per conoscere lo stato di 
conservazione strutturale; 
 Evitare ulteriori danni o sviluppo di carenze strutturali; 
 Fermare i danni causati dall’acqua, agenti chimici e microrganismi. 
• Consolidamento (conservazione diretta) 
 Il sistema strutturale originario deve essere rispettato; 
 Impiego di materiali e tecniche utilizzate durante la fase di costruzione 
della struttura; 
 Soluzioni temporanee allo scopo di avere il tempo necessario per 
sviluppare future tecniche di intervento. 
• Restauro  
 Pulizia della struttura; 
 Restauro ed integrazione dei componenti strutturali; 
 Sostituzione delle parti mancanti o danneggiate; 
 Ricostruzione delle parti distrutte o danneggiate; 
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 Ricostruzione e posizionamento delle parti strutturali  nella loro 
posizione originaria. 
• Reabilitazione  
 Miglioramento delle caratteristiche meccaniche; 
 modernizzazione; 
 sistemi di rinforzo strutturale; 
• Sostituzione 
 Allo scopo di ricostruire parti strutturali danneggiate; 
 Per mantenere l’armonia estetica della costruzione; 
• Ricostruzione 
 A seguito di monitoraggio strutturale; 
 A seguito di una profonda conoscenza delle tecnologie utlizzate per la 
realizzazione della struttura; 
 Ricostruzione di ogni singola parte strutturale; 
 
Un approccio di sostenibilità basato sul preservare le strutture storiche è composto da 
tre principali condizioni [Lezione 1-unità 6 SAHC master, presentata da Milos 
Drdacky]: 
• Massima autenticità (materiale originale, funzionamento originale, la 
conservazione di concetti originali, di tutela delle tracce tecnologiche, la 
conservazione delle innovazioni tecnologiche "campioni", esposizione della 
struttura per l'interpretazione); 
• Ragionevole livello di sicurezza e di affidabilità (rivalutazione basa sui dati di 
test e di documentazioni);  
• Elevato grado di durabilità.  
 
Prima di studiare le tecniche di conservazione, è necessario conoscere le cause che 
portano al crollo parziale o per i danni delle strutture. 
E 'molto importante analizzare la struttura storica sotto azioni sismiche, perché quando 
esse sono state costruite era quasi impossibile  tenere in debita considerazione le azioni 
orizzontali perché non c'erano le conoscenze riguardo il fenomeno tellurico. 
Le forze orizzontali rappresentano un importante azione sulla struttura, sia per le nuove 
costruzioni e sia per quelle esistenti. 
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L'oggetto principale di questo lavoro si basa sulla valutazione della sicurezza delle 
chiese Gotiche sotto azione sismica utilizzando l’analisi limite e cioè uno strumento di 
calcolo approssimato che consente di valutare la curva di capacità di una sub-struttura, 
per poi applicare il  Caoacity Spectrum Method (CSM) allo scopo di avere una stima 
del grado di sicurezza strutturale e sul livello di danno atteso. 
La C.S.M. è stato applicato su tre strutture Gotiche spagnole di seguito riportate: 
• Santa Maria del Mar; 
• Santa Maria del Pi; 
• Cattedrale di Mallorca. 
  
Nel primo capitolo saranno introdotte le caratteristiche principali del periodo medievale, 
dell’arte Gotica, fermandosi in particolare sulla descrizione delle chiese di cui 
all’oggetto del presente lavoro. 
Le informazioni geometriche sulle strutture svolgono un ruolo fondamentale al fine di 
attuare la procedure di calcolo basata sull’analisi limite ed avere una stima effettiva sul 
livello di sicurezza delle opere. 
La valutazione del comportamento sismico di strutture storiche verrà discusso nel 
secondo capitolo, tenendo conto delle conoscenze attuali relative alle strutture 
ecclesiastiche e a quelle caratterizzate da grandi luci. 
Nel terzo capitolo il Capacity Spectrum method verrà analizzato e con esso si prevede 
il calcolo della domanda sismica sulle strutture oggetto di studio. 
Il calcolo delle azioni sismiche sarà eseguito utilizzando le disposizioni dei codici 
sismici Eurocodice 8 - Progettazione di strutture per resistere all’azione del terremoto 
Parte 1 (regole generali, azioni sismiche e regole per gli edifici) e NCSE-02 (normativa 
sismica Spagnola). 
I risultati principali ottenuti con l’applicazione del metodo proposto e spiegato nel terzo 
capito verranno riportate nel quarto capitolo (considerando l'azione sismica secondo 
EC-8) e nel quinto capitolo (azione sismica in base al codice di calcolo Spagnolo). 
Una volta noti i livelli di sicurezza strutturale sotto l’azione sismica ed il livello di 
danno atteso, nel sesto capitolo saranno presentate le tecniche di rinforzo strutturale che 
potrebbero essere utilizzate al fine di incrementare il grado di protezione delle strutture 
o ridurre i danni attesi. 
Alla fine del lavoro, sarà necessario riassumere i risultati ottenuti e le conclusioni su di 
essi, riportando il tutto nel settimo capitolo. 
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      1.  HISTORY OF THE GOTHIC PERIOD  
 
The first Gothic cathedrals were built in France and within the individual domain of 
their kings. Their architectural style was a French invention. Its spread throughout 
Europe signifies French influence in the later Middle Ages, as the Romanesque 
especially signifies Germanic power and greatness in the earlier Middle Ages. As 
regards England, Germany, and Spain, the Gothic was a borrowed style.  
In Gothic architecture it is possible to have two distinct movements. One was the 
evolution as accomplished in one spot. The other was the gradual displacement of 
Romanesque methods in countries exterior to France, where they were supplanted by a 
style directly introduced and, so to speak, ready made.  
As the rise and spread of Gothic cathedral architecture was undoubtedly the most 
important feature of art history between the thirteenth and the sixteenth centuries 
(1200–1500 A.D.), this period is accordingly named; but most interesting developments 
in the art of design were made in Italy during these centuries, which were quite 
independent of it, as was also mainly the Italian architecture, which is notwithstanding, 
for the given dates, known as the "Italian Gothic."  
The word "Gothic" itself is one of Italian coinage and was used by the Italians of the 
later Middle Ages to designate all buildings of Northern Europe without reference to 
any of our own distinctions of period or style. It still speaks of the "Goths and Vandals" 
when barbarism wants to designate, and the word "Gothic" simply meant to Italian 
comprehension "Germanic," in the large sense, or as we should say "medieval." Both 
the Visigoths and Ostrogoths had been invaders of Italy during the downfall of the 
Western Roman Empire. The word Goth was thus a characteristic designation for the 
Germans at large, and although France in the later Middle Ages had lost all vestige of 
her Frankish Germanic origins, the Italians were good enough historians to remember 
that all the countries of the western empire had been Germanized and that Italy had 
suffered most from their invasions because it had the most to lose.  
This historic prejudice of the Italian against Germanic and Northern Europe explains 
the first use of the word "Gothic," which was subsequently adopted by Northern Europe 
with the style and taste of the Renaissance during and after the sixteenth century. It was 
this Renaissance style (revival of the Greco-Roman classic style) which finally then 
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displaced and supplanted the Gothic. This was abandoned more or less rapidly all over 
Europe and there is, broadly speaking, a gap of three hundred years between the 
modern copies of Gothic buildings and the old originals, which gap is filled by the 
Italian Renaissance style.  
In Northern Renaissance Europe the word "Gothic" was also applied indiscriminately to 
medieval buildings of all dates and without reference to the peculiar style which we 
distinguish by it. The word was also used in the same contemptuous and prejudicial 
sense. It was not till the nineteenth century that a revived interest in the Middle Ages at 
large led to a revived interest in the latest, largest, and most numerous cathedrals, and a 
distinctive name was then required for their style. This was obtained by confining the 
word already in use to the one period and coining new ones for the earlier styles.  
This history of the word is therefore a history of the causes which led to the overthrow 
of the style, and also of the causes which have recently led to its revival and to the 
modern study of its ancient monuments.  
The present paragraph has taken into account the news and information from the work 
“Gothic period ” by Andrew Henry Robert Martindale (Professor of Visual Arts, 
University of East Anglia, Norwich, England, 1974–95). 
 
      1.2  Gothic period :  three different phases  
Three successive phases of Gothic architecture can be distinguished, respectively called 
Early, High, and late Gothic. 
      1.2.1 Early Gothic. 
This first phase lasted from the Gothic style's inception in 1120-50 to about 1200. The 
combination of all the aforementioned structural elements into a coherent style first 
occurred in the Île-de-France (the region around Paris), where prosperous urban 
populations had sufficient wealth to build the great cathedrals that epitomize the Gothic 
style. The earliest surviving Gothic building was the abbey of Saint-Denis in Paris, 
begun in about 1140. Structures with similarly precise vaulting and chains of windows 
along the perimeter were soon begun with Notre-Dame de Paris (begun 1163) and Laon 
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Cathedral (begun 1165). By this time it had become fashionable to treat the interior 
columns and ribs as if each was composed of a bunch of more slender parallel members. 
A series of four discrete horizontal levels or stories in the cathedral's interior were 
developed, beginning with a ground-level arcade, over which ran one or two galleries 
(tribune, triforium), over which in turn ran an upper, windowed story called a clerestory. 
The columns and arches used to support these different elevations contributed to the 
severe and powerfully repetitive geometry of the interior. Window tracery (decorative 
rib-work subdividing a window opening) was also gradually developed, along with the 
use of stained (colored) glass in the windows. The typical French early Gothic cathedral 
terminated at its eastern end in a semicircular projection called an apse. The western 
end was much more impressive, being a wide facade articulated by numerous windows 
and pointed arches, having monumental doorways, and being topped by two huge 
towers. The long sides of the cathedral's exterior presented a baffling and tangled array 
of piers and flying buttresses. The basic form of Gothic architecture eventually spread 
throughout Europe to Germany, Italy, England, the Low Countries, Spain, and Portugal. 
      1.2.2 High Gothic 
The second phase of Gothic architecture began with a subdivision of the style known as 
Rayonnant (1200-1280 AD) on the Continent and as the Decorated Gothic (1300-75 
AD) style in England. This style was characterized by the application of increasingly 
elaborate geometrical decoration to the structural forms that had been established 
during the preceding century.  
During the period of the Rayonnant style a significant change took place in Gothic 
architecture. Until about 1250, Gothic architects concentrated on the harmonious 
distribution of masses of masonry and, particularly in France, on the technical problems 
of achieving great height; after that date, they became more concerned with the creation 
of rich visual effects through decoration. This decoration took such forms as pinnacles 
(upright members, often spired, that capped piers, buttresses, or other exterior elements), 
moldings, and, especially, window tracery. The most characteristic and finest 
achievement of the Rayonnant style is the great circular rose window adorning the west 
facades of large French cathedrals; the typically radial patterns of the tracery inspired 
the designation Rayonnant for the new style. Another typical feature of Rayonnant 
architecture is the thinning of vertical supporting members, the enlargement of 
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windows, and the combination of the triforium gallery and the clerestory until walls are 
largely undifferentiated screens of tracery, mullions (vertical bars of tracery dividing 
windows into sections), and glass. Stained glass--formerly deeply colored became 
lighter in colour to increase the visibility of tracery silhouettes and to let more light into 
the interior. The most notable examples of the Rayonnant style are the cathedrals of 
Reims, Amiens, Bourges, Chartres, and Beauvais.  
The parallel Decorated Gothic style came into being in England with the general use of 
elaborate stone window tracery. Supplanting the small, slender, pointed lancet windows 
of the early English Gothic style were windows of great width and height, divided by 
mullions into two to eight brightly coloured main subdivisions, each of which was 
further divided by tracery. At first, this tracery was based on the trefoil and quatrefoil, 
the arch, and the circle, all of which were combined to form netlike patterns. Later, 
tracery was based on the ogee, or S-shaped curve, which creates flowing, flame like 
forms. Some of the most outstanding monuments of the Decorated Gothic style are 
sections of the cloister (c. 1245-69) of Westminster Abbey; the east end, or Angel 
Choir, of Lincoln Cathedral (begun 1256); and the nave and west front of York Minster 
(c. 1260-1320). In France the Rayonnant style evolved about 1280 into an even more 
decorative phase called the Flamboyant style, which lasted until about 1500. In England 
a development known as the Perpendicular style lasted from about 1375 to 1500. The 
most conspicuous feature of the Flamboyant Gothic style is the dominance in stone 
window tracery of a flame like S-shaped curve.  
      1.2.3 Late Gothic 
During the 15th century much of the most elaborate architectural experiment took place 
in southern Germany and Austria . German masons specialized in vault designs and, in 
order to get the largest possible expanse of ceiling space, they built mainly hall 
churches (a type that had been popular throughout the 14th century). Important hall 
churches exist at Landshut (St. Martin 's and the Spitalkirche, c. 1400), and Munich 
(Church of Our Lady , 1468-88). The vault patterns are created out of predominantly 
straight lines. Toward the end of the 15th century, however, this kind of design gave 
way to curvilinear patterns set in two distinct layers. The new style developed 
particularly in the eastern areas of Europe : at Annaberg (St. Anne's, begun 1499) and 
Kuttenberg (St. Barbara's, 1512). Such virtuosity had no rival elsewhere in Europe . 
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Nevertheless, other areas developed distinctive characteristics. The Perpendicular style 
is a phase of late Gothic unique to England . Its characteristic feature is the fan vault, 
which seems to have begun as an interesting extension of the Rayonnant idea in the 
cloisters of Gloucester cathedral (begun 1337), where tracery panels were inserted into 
the vault. Another major monument is the nave of Canterbury cathedral, which was 
begun in the late 1370s, but the style continued to evolve. Some of the best late Gothic 
achievements are bell towers, such as the crossing tower of Canterbury cathedral (c. 
1500). In France the local style of late Gothic is usually called Flamboyant, from the 
flame-like shapes often assumed by the tracery. The style did not significantly increase 
the range of architectural opportunities. Late Gothic vaults, for instance, are not 
normally very elaborate, but the development of window tracery continued and, with it, 
the development of elaborates facades. France also produced a number of striking 16th-
century towers. 
The most notable feature of the great churches of Spain is the persistence of the 
influence of Bourges and the preference for giant interior arcades. This is still clear in 
one of the last of the large Gothic churches to be built, the New Cathedral of Salamanca 
(begun 1510). By this time, Spanish architects were already developing their own 
intricate forms of vaulting with curvilinear patterns. There was a final flowering of 
Gothic architecture in Portugal under King Manuel the Fortunate (1495-1521). The 
fantastic nature of much late Gothic Iberian architecture has won for it the name 
Plateresque, meaning that it is like silversmith's work. The decorative elements used 
were extremely heterogeneous, and Arabic or Mudéjar forms emanating from the south 
were popular. Ultimately, during the 16th century, antique elements were added, 
facilitating the development of a Renaissance style. These curious hybrid effects were 
transplanted to the New World , where they appear in the earliest European architecture 
in Central America .   
All the previous information about the gothic period have been taken from the work 
“Gothic period 2”  by Andrew Henry Robert Martindale (Professor of Visual Arts, 
University of East Anglia, Norwich, England, 1974–95). 
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      1.3  Gothic structures :  architectural description  
For the Gothic period the cathedrals were almost as much civic buildings as they were 
churches, and in the sense that they embodied the pride, the ambition, and the rivalries 
of the cities, this was eminently the case. But they were also actually used for town 
meetings, for public festivals, and for theatrical exhibitions. In the Middle Ages the 
church and the cathedral were always open, like the Catholic churches of our own day. 
Here the poor man was the equal of the rich. The beggar and his lord met on terms of 
equality in the liberty of using the building and in the theory of its religious teachings. 
There were no pews for favored owners. The cathedral was the palace of the poor, and 
its entire space outside the sanctuary was open to their daily visits and sojourn at will, 
without disturbance.  
The cathedral was the museum of art; a museum made, not to display the ostentation of 
the rich or the luxury of his life, but to teach by pictures and reliefs the history of the 
world as then known and comprehended by the traditions of the church, and the lessons 
of faith and of sacrifice. Here were, moreover, the actual memorials and relics of past 
ages ; for here was the treasury not only of the art of the present but also of the art of 
the past. Finally, the cathedral was the sanctuary of the famous and illustrious dead. 
Their tombs were its decoration and its pride.  
This popular significance and these popular uses hold for the cathedrals of all periods, 
consequently for the Byzantine and Romanesque as well as the Gothic periods. But the 
Byzantine cathedrals were more largely the erections of the clergy, the Romanesque 
cathedrals were largely the erections of the Germanic emperors or of the great religious 
orders, while the Gothic cathedrals were especially the buildings of the municipalities. 
The union in these buildings of the arts of stained glass, of fresco ornament and 
sculptured stone decoration, of panel pictures, of metal work in the altars, shrines, and 
chandeliers, and of wood carving in the seats of the clergy, is to be constantly kept in 
mind. The pulpits were also objects of special artistic splendor.  
The mathematical, geometrical, and statical science requisite for their construction is 
the best authority for the high civilization of their time. Their architects were moreover 
not, like the current ones, educated apart from the artisans and masons and sculptors 
who were their servants.  
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The architect of the cathedral was the master-mason, a fact of supreme importance for 
the perfection of these buildings, for the understanding of their subtle art, and for the 
comprehension of the changed conditions in our own time which make it impossible for 
us to rival them.  
It is possible to take into account the interior arrangement of the Gothic churches in 
order to describe the gothic architecture philosophy. In all of them the solid masonry of 
the ceiling must be especially considered. In some of them the skeleton framework of 
the ribbings are the main lines of support for the ceiling. A point which cannot be well 
illustrated in photographs, and which can with difficulty be observed in the buildings 
when the ceiling is viewed from the floor, is the manner in which the spaces between 
the ribs are slightly arched in such a way as to make the ribs the actual supports of the 
ceiling. These in their turn transmit the pressure to the piers.  
The piers of the Gothic clerical structures have a lighter and more slender construction 
than those of the Romanesque. The latter were sometimes of plain square section or 
were square and beveled at the corners, or were sometimes massive and clumsy round 
supports. With other Romanesque piers are found small pilasters leading up to the ribs 
above and connected with them.  
In the Gothic the piers are generally treated as a cluster of slender ribs, each rising to its 
own definite and special functions. Effects of a massive or clumsy appearance are 
avoided. A strictly logical and strictly economical use of materials and forces is 
apparent. Round piers are not unknown to the Gothic, but they are not generally found 
in highly developed or characteristic examples of the style. In the use of the pointed 
arch there is the appearance of an aspiring tendency and of a sentiment for altitude. 
This is enhanced by the treatment of the pier, which multiplies, both by lights and by 
shadows, the rising lines which tend to enhance the effect of height. The same 
sentiment is visible in the actually enormous altitudes of the cathedrals. These effects of 
altitude are also exaggerated by a relative narrowness of nave and aisles. The general 
result is to dwarf the spectator and his immediate surroundings.  
It was not only actual dimension but the effect of dimension which was sought for and 
attained. Disproportionately high apartments and those which surprise the eye by an 
effect of height are known to have this effect of dwarfing, in appearance, the persons in 
them.  
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For the matter of the Gothic windows we should logically be speaking of the interiors 
for whose service they are made, but exterior views may illustrate them more visibly as 
being taken from the sides of the buildings rather than down the length of nave or aisles. 
In developed examples almost the whole wall surface, aside from the facades, is given 
up to the windows. The infinitely varied designs of their delicate stone ribbings are a 
beautiful feature of the Gothic.  
The delight in the colour effects of the stained glass window pictures is undoubtedly 
one explanation of their dimensions and number, but it should be added that throughout 
the developed and later Gothic, there is an obvious effort to dispense as far as possible 
with blank walls, or solid masonry surfaces. It is on this account that in developed and 
later Gothic, as far as the masonry appears, it is treated in filigree. Broken up as regards 
effect of bare surface by the expansion over the wall surfaces of a tracery system 
borrowed originally from the designs of the windows.  
So far all the main aspects of the gothic architecture have been considered, but another 
aspect mast be discussed in order to understand better the importance of Gothic style, 
namely, the stability of the building. When we remember that these tremendous 
vaultings of the interior have been raised high in air over walls which on the sides of 
the building at least are conspicuous for their flimsy appearance and large window 
openings, it is evident that the buttress architecture of the exterior was a serious and 
necessary feature and not designed for ornament or to please the eye, but the absolute 
and sole condition of the existence of the building.  
In the old cathedrals the flying buttress was a necessary consequence of the higher 
elevation of the nave as compared with the lower elevation of the side aisles. The 
buttress was frequently surmounted by a pinnacle, always, in fact, when the flying 
buttress was used, or by a statue surmounted by a canopy. The pinnacle added an 
additional weight to the resisting power. It also emphasized the rising lines of the 
building and its effects of altitude.  
An ornament which is very common in the middle Gothic and later Gothic of the 
continent, but less common in England, is the gable-shaped skeleton masonry form 
which appears over portals or window.  
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In the Gothic cathedral we still find the plan and essential arrangements of the basilica. 
The choir, which frequently occupies more than a third of the church area, is the 
development of the apse. The arrangement of the nave and aisles was also derived from 
the basilica. Although there are local instances in which the aisles rise to the height of 
the nave, all the great cathedrals inherited the higher nave elevation.  
Architecture was the most important and original art form during the Gothic period. 
The principal structural characteristics of Gothic architecture arose out of medieval 
masons' efforts to solve the problems associated with supporting heavy masonry ceiling 
vaults over wide spans. The problem was that the heavy stonework of the traditional 
arched barrel vault and the groin vault exerted a tremendous downward and outward 
pressure that tended to push the walls upon which the vault rested outward, thus 
collapsing them. A building's vertical supporting walls thus had to be made extremely 
thick and heavy in order to contain the barrel vault's outward thrust.  
Medieval masons solved this difficult problem about 1120 with a number of brilliant 
innovations. First and foremost they developed a ribbed vault, in which arching and 
intersecting stone ribs support a vaulted ceiling surface that is composed of mere thin 
stone panels. This greatly reduced the weight (and thus the outward thrust) of the 
ceiling vault, and since the vault's weight was now carried at discrete points (the ribs) 
rather than along a continuous wall edge, separate widely spaced vertical piers to 
support the ribs could replace the continuous thick walls. The round arches of the barrel 
vault were replaced by pointed (Gothic) arches which distributed thrust in more 
directions downward from the topmost point of the arch.  
Since the combination of ribs and piers relieved the intervening vertical wall spaces of 
their supportive function, these walls could be built thinner and could even be opened 
up with large windows or other glazing. A crucial point was that the outward thrust of 
the ribbed ceiling vaults was carried across the outside walls of the nave, first to an 
attached outer buttress and then to a freestanding pier by means of a half arch known as 
a flying buttress. The flying buttress leaned against the upper exterior of the nave (thus 
counteracting the vault's outward thrust), crossed over the low side aisles of the nave, 
and terminated in the freestanding buttress pier, which ultimately absorbed the ceiling 
vault's thrust.  
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These elements enabled Gothic masons to build much larger and taller buildings than 
their Romanesque predecessors and to give their structures more complicated ground 
plans. The skillful use of flying buttresses made it possible to build extremely tall, thin-
walled buildings whose interior structural system of columnar piers and ribs reinforced 
an impression of soaring verticality. 
 
1.4  Catalan gothic structures :  architectural description  
Gothic architecture is not merely about ornamentation. The Gothic style brought 
innovative new construction techniques that allowed churches and other buildings to 
reach great heights.  
One important innovation was the use of pointed arches. Earlier Romanesque churches 
had pointed arches, but builders did not capitalize on the shape. During the Gothic era, 
builders discovered that pointed arches would give structures amazing strength and 
stability.  
In gothic buildings, the weight of the roof was supported by the arches rather than the 
wall. This meant that walls could be thinner. 
Earlier Romanesque churches relied on barrel vaulting. Gothic builders introduced the 
dramatic technique of ribbed vaulting.  
While barrel vaulting carried weight on continuous solid walls, ribbed vaulting used 
columns to support the weight. The ribs also delineated the vaults and gave a sense of 
unity to the structure.  
In order to prevent the outward collapse of the arches, Gothic architects began using a 
revolutionary flying buttress system. Freestanding brick or stone supports were attached 
to the exterior walls by an arch or a half-arch.  
Since the walls themselves were no longer the primary supports, Gothic buildings could 
include large areas of glass. Huge stained glass windows and a profusion of smaller 
windows created the effect of lightness and space.  
Cathedrals in the High Gothic style became increasingly elaborate. Over several 
centuries, builders added towers, pinnacles, and hundreds of sculptures.  
In addition to religious figures, many Gothic cathedrals are heavily ornamented with 
strange, leering creatures. These gargoyles are not merely decorative. Originally, the 
sculptures were waterspouts to protect the foundation from rain.  
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In the late 1700s, architects decided that gargoyles and other lavish sculptures were 
tasteless.  
New techniques of construction permitted buildings to soar to amazing new heights, 
dwarfing anyone who stepped inside. Moreover, the concept of divine light was 
suggested by the airy quality of Gothic buildings, which were much lighter than 
churches in the earlier Romanesque style.  
The distinctive characteristic of Spanish Gothic cathedrals is their spacial complexity, 
with many areas of different shapes leading from each other. They are comparatively 
short and wide, and are often completely surrounded by chapels. Like English 
Cathedrals, Spanish Cathedrals are stylistically diverse. This expresses itself in the 
addition of chapels and in the application of decorative details drawn from different 
sources. Among the influences on both decoration and form are Islamic architecture, 
and towards the end of the period, Renaissance details combined with the Gothic in a 
distinctive manner.  
The roofline often has pierced parapets with comparatively few pinnacles. There are 
often towers and domes of a great variety of shapes and structural invention rising 
above the roof. 
The basical plan was realized considering a single space in which large span can be 
seen. In fact, an example of large span in trasversal direction is Girona Cathedral, in 
which it can reach a value around 22 m; while in longitudinal direction, Santa Maria del 
Mar Church can be taken as an example considering the span around 13 m. 
In general the voults have been built using square geometry as it is possible to see in 
Santa Maria del Mar in Barcelona. 
In this church, and in other ecclesiastic Gothic structures, the lateral voults are almost 
as high as the central one, taking the rule of the flying arches. 
There is an exception in Mallorca Cathedral, in wich the lateral voults are located in a 
much lower position compared with the central one and for this reason, the flying 
arches are an important structural rules. 
Connected to the structural solution before mentioned it is possible to highlight other 
architectural solutions as slender piers and a structural lightness. 
 
 
Application of Capacity Spectrum Method to medieval constructions : Gothic Period 
 
12 
      2.   DESCRIPTION OF GOTHIC CHURCHES OBJECT OF STUDY 
 
      2.1.  Santa Maria del Pi  
The church of S. Maria del Pi was built between 1319-1320 and 1391. Its pure Gothic 
style is evident in the single nave, almost devoid of ornaments. The middle of the main 
façade boast a large rose window of 10 meters in diameter, very much in keeping with 
the church's Gothic style. In 1940, the rose window was entirely rebuilt after being 
destroyed  by fire in 1936. 
The tympanum or the main door is divided by two small columns, making the little 
chapels, the one in the middle holding the statue of the Virgin. Above this  statue hang 
the parish and city costs-of-arms. At the end of the base of the tympanum are two 
pinecones which, together with the pine tree on the coat-of-arms, testify the name of the 
church. 
The side façade shows the buttresses which  support the arches and vaults of the nave. 
In the middle of this façade is the Ave Maria doorway which still conserves some 
elements from the Romanesque portico of the previous church.  
The rear façade shows the buttresses and large windows of the apse. It, too, conserves 
an old doorway, dating back to 1578, which permitted access to the place of worship 
from the rear. Over the centuries, other buildings round about have hidden part of the 
church's original walls. 
The work of the architect Bartomeu Mas, its construction was begun in 1379 and 
completed around 1461. It is octagonal in structure and measures 54 m. high with the 
walls at the base 3,55 m wide. It contains six bells. "Antònia" is the largest, with a 
diameter of 1,40 m and weighing 1806 kg, and "Andreua" the oldest, dating from 1669. 
The high altar consists of an alabaster table, designed by the architect Joaquim de Ros i 
de Ramis. It was inaugurated in 1967. The cimborium has been installed at the back of 
the presbytery,  where there was originally an entrance door to the church. The statue in 
the presbytery represents Santa Maria del Pi. Its is 3,30 m. high and was sculpted by 
Enric Monjo in 1973. 
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The choir-stalls was designed by Josep Mas i Dordal, were replaced in 1868 by a 
neogothic version. When these were destroyed by fire, the Baroque-style ones were 
reintroduced in 1986. 
The original Stained Glass Windows have not been preserved. The oldest ones still 
remaining date back to 1718 and of these, one portraying The Adoration of the Magi 
(over the Avemaria doorway), was crafted by Antoni Viladomat. 
All the information before mentioned have been taken from the website 
“www.archiseek.com” that provide an architectural research of the main historical 
building in the world.  
      
 
Figure 2.1.1 : Principal façade and plan of S. Maria del Pi church 
     
  2.2.  Santa Maria del mar 
The most sweepingly symmetrical and classical of all Barcelona's churches, Santa 
Maria del Mar is a stunning contrast to the ornate and complex architecture of later 
Gothic and Moderniste Barcelona. Built in a record 54 years (1329-83), the church was 
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a stonemason's bare-bones design for a classical basilica. Santa Maria del Mar was 
intended to bless and protect the mighty Catalan fleet at a time when Catalonia so 
controlled the Mediterranean. Fishermen, merchant marines, stevedores, and all other 
seafarers were included under the patronage of Santa Maria del Mar (St. Mary of the 
Sea).  
The best and most beautiful existing example of early Catalan (or Mediterranean) 
Gothic architecture, Santa Maria del Mar is extraordinary for its unbroken lines, 
simplicity of form, symmetry, and elegance. The upsweeping verticality and lightness 
of the interior are especially surprising considering the blocky exterior surfaces.  
Built by a mere stonemason named Berenguer de Montagut, who chose and fitted each 
stone hauled down from the same Montjuïc quarry that provided the sandstone for the 
4th-century Roman walls, Santa Maria del Mar is breathtakingly, nearly hypnotically, 
symmetrical. The 16 octagonal pillars are 1,55 meters in diameter and spread out into 
rib vaulting arches at a height of 16 meters. The painted keystones at the apex of the 
arches are 32 meters from the floor. Furthermore, the central nave is twice as wide as 
the lateral naves, whose width equals the difference between their height and that of the 
main nave. The result of all this proportional balance and harmony is a tonic sense of 
uplift that, especially in Modernist Barcelona, is at once exhilarating and soothing. 
The basilica, filled with immense and ornate side chapels and mammoth wooden choir 
stalls, burned for 11 days and crumbled as a result of the intense heat. Restored after the 
end of the Spanish civil war by a series of Bauhaus-trained architects, all of whom 
understood the formal purity of the original design, Santa Maria del Mar has become 
one of the city's most universally admired architectural gems. 
The 34 lateral chapels are dedicated to different saints and images. The first chapel to 
the left of the altar is the Capella del Santo Cristo (Chapel of the Holy Christ), its 
stained-glass window an allegory of Barcelona's 1992 Olympic Games, complete with 
names of medalists and key personalities of the day in tiny letters. An engraved stone 
riser to the left of the side door onto Carrer Sombrerers commemorates the spot where 
San Ignacio de Loyola, founder of the Jesuit Order, begged for alms in 1524 and 1525. 
The basilica's stark beauty is enhanced by a lovely southwest-facing rose window (built 
in 1425 and restored in 1485 after an earthquake) and unusually wide vaulting. Often 
compared to the German Hallenkirche, or single-naved church, the basilica is often 
used for choral events and early music.  
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Figure 2.2.2 : Interior view and plan of S. Maria del Mar Church 
 
All the information about Santa Maria del Mar have been taken from the website 
“www.barcelona.com” that allows to have characteristics and historical overview of the  
main historical building in Barcelona.  
 
      2.3.  Mallorca Cathedral 
Made from golden limestone from the Santanyi quarries and designed in the Gothic 
style, the cathedral is 121 meters long and 55 meters wide. The main body of the 
church is set in the middle of a mass of pillars and spires, behind which lies the strong 
buttress reinforced with a double row of flying arches. The bell tower, still unfinished 
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today, is 52 meters high with three ogive-arched stories. It holds nine bells, the most 
famous of which is the N´Eloi: 2 meters in diameter, it weighs more than 5.700 kilos. 
The main facade, which overlooks the Almudaina Palace, was dismantled by the 1851 
earthquake and was later completely rebuilt as a new façade with the exception of the 
Renaissance-era door by M. Verger which miraculously emerged unscathed.  
The port-side facade features another door, a true masterpiece of Spanish Gothic. It is 
called the "Mirador portal", or "Puerta del Mar", and is the collective work of such 
celebrated artists as Pedro de Moret and Juan de Valenciennes, among others. The most 
important of all these artists is Guillermo Sagrera, who concentrated the refined nuance 
of his art-work into the two statues of Saint Peter and Saint Paul that flank the portal. It 
features three naves resting on 44 meters tall octagonal pillars, eight chapels each side 
of the nave, and lacks both transept and ambulatory. The rear interior reveals the 
majestic "Royal Chapel", which is nearly as large as a church in its own right: 25 
meters long and 16 meters wide.  
Behind the main altar it is possible to see 110 breathtaking walnut choir-stalls sculpted 
in flaming Gothic style and, to left, a noteworthy "Renaissance pulpit". On a slightly 
higher level at the back of the choir-stalls, the "Chapel of the Holy Trinity" reveals the 
ancient tribune of the kings of Majorca and a sort of present-day pantheon for the same. 
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Figure 2.3.1 : External view and plan of Mallorca Cathedra 
All the information about Mallorca Cathedral have been researched in the website 
“www.mallorcawebsite.com” that provide an historical documentation of the structure 
studied in the present paragraph. 
  
2.4. Past study on the Churches 
 
A lot of information can be taken from several study realized by different authors. 
In fact, it is possible to find a lot of paper in which the main topic is the seismic 
behaviour of the churches object of the present dissertation work. 
A very important help to understand the ecclesiastic structures before mentioned in 
terms of geometrical characteristics and structural conditions, come from the following 
texts: 
1) Curvas de capacidad para edificios monumentales: la Iglesia Santa Maria del 
Mar de Barcelona by Irizarry, Podestà, Resemini, 2003; 
2) Studies on the structure of Gothic Catedral by Pere Roca, 2001; 
3) Vulnerabilidad sismica para edificios historicos de obra de fabrica de mediana 
y gran luz by Guillermo Martinez Ruiz (Phd thesis, 2007). 
Other papers can be researched, but the previous mentioned works have given a 
significant contribution to develop the present study. 
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3. EVALUATION OF SEISMIC SAFETY OF THE HISTORICAL    
STRUCTURES 
 
3.1.  Knowledge of the structures 
 
In order to have a good seismic safety evaluation of the structures and compute a better 
intervention to solve the construction’s problem, it is necessary to known the structures 
themselves. 
Understanding the structural schemes of the buildings is very important for the existing 
constructions, and it is much more interesting when the safety of the churches or 
monuments have to be taken into account. It is possible to have a lot of problem for a 
good understanding of the historical structures due to: 
• Structural modifications during the time; 
• Possible damage due to anthropic activities; 
• Ageing of the material; 
Furthermore, a complete experimental campaign cannot be carried out because it is too 
much invasive on the structure itself. 
The correct evaluation of the structure and the interpretation of the available indications 
are very important in order to have qualitative and quantitative information about the 
construction.  
 
 
3.2.  Seismic behaviour in historical constructions 
 
The masonry historical constructions are very different each other in terms of 
construction’s techniques and typologies and for that reason the seismic safety 
evaluation are subjected to several unknown parameters and conditions. 
Moreover the masonry historical constructions were built without taking into account 
the horizontal action due to the seismic actions and, even more, the basic principal of 
material and structural behaviour were not applied. 
The monuments were built applying experimental indications acquired from previous 
constructions and based on the rigid blocks equilibrium. Even though the before 
mentioned method is not very scientific and accurate, checking if the constructions 
respect the general rule of construction can be considered the main important thing and 
the first step to compute the seismic safety level.  
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Another thing to take into account is the “history testing” due to different actions acting 
on the structures during their life and the study of the effects produced by the natural 
events. But also in this case it is possible to have an important condition that can 
change the general interpretation of the phenomenon before said. In fact, the damages 
occurred on the structures due to the low intensity of past earthquakes or other natural 
conditions can lead to strengthening capacity change of the structures. 
The behaviour of the structures is influenced by the seismic risk level of the zone where 
the construction was built. In fact, in some zone in which the seismic risk is very high, 
a lot of effectiveness constructive solutions have been studied by expert technicians in 
order to reduce the seismic vulnerability of the monuments. Thus, chains, buttresses 
and scaring can be used and become an important rule for well done structure 
especially in some regions where the earthquakes occur frequently. On the other hand, 
these techniques are just used to repair the existing structures damaged by significant 
earthquakes where these natural events are not so common.  
At the end, it is possible to state that the study of all those parameters are very 
important and interesting in order to compute the seismic safety of the constructions, 
but they must be established through a deep and hard work. 
Moreover the technicians cannot do a correct evaluation of the structures taking into 
account only the parameters and indications before said, but it is necessary doing a 
structural model using a simplify method or much more complex computations. 
 
 
3.3. Seismic behaviour of churches or other large span structures 
 
The damages of churches after several earthquakes occurred in Italy from 1976 to 2004 
have been studied by an Italian committee [Lagomarsino, 2003] 
These study highlighted that the seismic behaviour of the different kinds of structures 
can be analyzed resolving the whole construction in smaller portions, named macro-
elements, because of their autonomous seismic behaviour. All the possible macro-
elements for churches and historical building have been reported in the ANNEX A of 
this work and are involved in the Italian design rule “Linee guida per la valutazione e 
la riduzione del rischio sismico del patrimonio culturale con riferimento alle norme 
tecniche”. 
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In this simplify model, as in the more complex models, the thrusts of arches, domes and 
roofing system have to be taken into account in order to identify the capacity curve of 
the structures. 
All the macro-elements become the references to check the structural conditions 
performing static analyses, linear and non linear, modelling the structures using the 
finite element method. 
From the point of view of the structural safety evaluation, the kinematics limit analyses, 
linear or non linear, appears much more effectiveness. 
Moreover the hypothesis done, in order to have an idea about the mechanisms that may 
occur on the constructions, are well known because of the deep and accurate knowledge 
on the damages of the buildings object of the study. 
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3.4. Limit analysis and Capacity Spectrum Method (CSM) 
 
 
The limit analyses can describe the ultimate condition of the structure but cannot allow 
to know the damage limit states. The modern formulation of limit analysis has been 
done by Heyman in 1966 and can be reported in the following: 
1) Lower-bound theorem: The structure is safe, meaning that the collapse will not 
occur, if a statically admissible state of equilibrium can be found; 
2) Upper-bound theorem: If a kinematically admissible mechanism can be found, 
for which the work developed by external forces is positive or zero, then the 
structure will collapse. 
 
It is possible to consider two different kind of limit analysis studying the collapse 
conditions of the monuments [Heyman’s safe theorem, 1966]: 
• Static theorem: it is necessary to analyse the equilibrium conditions of the 
structures under particular load patterns, even if it does not allow to reach 
the exact solution; 
• Cinematic theorem: the structure has to be divided in rigid blocks, and 
gives to the technicians important information about the ultimate sources 
of the structures. 
 
The cinematic theorem will be used in the next chapters in order to analyse the 
structures object of the present work, so that it is possible to have an idea about the 
seismic safety of the fore mentioned constructions, using an approximate procedures. 
The capacity curve describes the state of the structure under gradual increase seismic 
actions, or under an increasing of displacements, until reaching the ultimate condition 
(collapse of the construction). 
In order to check the response of the structure, the increase of the displacement can be 
identified as an approximation of the dynamic problem into an equivalent static 
problem. 
It is possible to obtain the capacity curve of the macro-elements of the structure 
considering three different analyses: 
• Finite element analysis: in this case the model of the macro-element is 
necessary in order to apply on it a gradual increase of displacement, 
according to the first vibration mode. 
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• Limit analysis, using the static approximation and the application of 
uniqueness theorem: it is necessary to study the structure in order to 
evaluate the thrust line corresponding to the ultimate condition (formation 
of mechanisms). In this case, the point in which the thrust line is tangent to 
the bounder of the structure define the plastic hinge positions. 
• Limit analysis, using the cinematic approximation: in this case it is 
possible to identify a decreasing curve that relates the forces with the 
imposed displacement of the structure, using the principal of virtual work. 
 
The static approximation of limit analysis could be used in order to evaluate the plastic 
hinge positions to take into account when the cinematic approximation of limit analysis 
will be applied. 
The limit analysis is based on three main hypothesis in the following reported: 
• No-tensile strength of masonry; 
• Unlimited compressive strength; 
• No sliding between the rigid blocks. 
 
Under these conditions the limit theorem of limit analysis, based on plasticity theory, 
are applicable on masonry structures. 
 
 3.5. Capacity Spectrum Method for evaluation of the safety of the monuments 
 
The capacity curve can describe the global behaviour of the structure only in case of 
particular monumental typology and for that reason, it is necessary to apply the method 
on parts of the constructions. 
In fact, the first step for application of capacity spectrum method on monuments consist 
to identify the damages and the collapses of parts of the building, namely macro-
elements, and compute the capacity curves related to this structural blocks. 
Thus, it is necessary to study the plastic hinges and sliding planes position in order to 
evaluate the collapse mechanisms of the selected macro-element of the structure. 
The macro-elements have to be loaded with vertical and horizontal forces. The latter 
are proportional to the vertical load through the coefficient α. 
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Considering the three main hypothesis for application of cinematic approximation of 
limit analysis specify before and using the principal of virtual work (1), it is possible to 
evaluate the coefficient αo corresponding to the lose of the macro-element equilibrium. 
 
(1) 
 
where: 
• n is the total number of the dead load applied to the different rigid blocks; 
• m is the number of weight forces no directly acting on the blocks, but 
whose masses, due to the effect of the seismic action, generate horizontal 
forces; 
• o is the number of external forces applied to the blocks but not related to 
the masses; 
• Pi is the generic weight force; 
• Pj is the generic weight force no directly applied on the blocks; 
• δx,i is the virtual horizontal displacement for Pi; 
• δx,j is the virtual horizontal displacement for Pj; 
• δy,i is the virtual vertical displacement for Pi; 
• Fh is the generic external force applied on the block; 
• δh is the virtual displacement for Fh; 
• Lfi is the work done by the internal forces. 
 
It is necessary to develop the curve until reaching the value of the coefficient α equal to 
zero, dk0,  increasing the displacements up to the collapse mechanism occurs. In fact, it 
is possible to state that the lose of the equilibrium does not correspond to the ultimate 
condition of the structure, because of its capacity to support several horizontal action 
even after the mechanisms activation.  
In order to represent the capacity curve, an incremental cinematic analysis can be 
carried out considering different configurations and taking into account the 
displacement’s increment of a selected control point k, named dk. 
Changing the configurations, it is possible to obtain the coefficient αi using the general 
formulation written before obtained by the principal of virtual work. 
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The increment of displacement lead to a decrease of  the stabilizing moment and thus, 
the capacity curve is represented by a gradual decrease of linear function, described 
through the expression (2): 
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The capacity spectrum method requires the transformation to a single degree of 
freedom (SDOF system) of the capacity curve in order to compare it with the demand 
curve using the same scale. 
In fact, it is necessary to find a capacity curve of the equivalent oscillator by means of 
the relation between the spectral acceleration and the displacements, namely a* and d*. 
The participation mass of the cinematic mechanism M*, may be defined using the 
formulation (3): 
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where: 
• n+m is the number of applied forces Pi whose masses generate horizontal 
forces due to the seismic action; 
• δxi is the virtual horizontal displacement of the point of application of Pi 
forces. 
The formulation (4) gives the seismic spectral acceleration αo* related to the coefficient 
αο, the gravity acceleration g and the fraction of the participating mass of the 
mechanism e*: 
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The spectral displacement can be obtained using the formulation (6): 
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where: 
• n, m, Pi, δxi have been defined in the previous formulation; 
• δx,k is the virtual horizontal displacement of the chosen reference point k. 
 
In this case, the capacity curve has the formulation (7), similar to the formulation (2) 
established before: 
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where : d*o is the spectral displacement of the equivalent system related to the 
displacement dko. 
The verification of the structure is based on the following two points in the following 
reported: 
• Damage limit state: from the spectral acceleration a*o related to the 
activation of the mechanisms; 
• Ultimate limit state: the collapse can be assumed equal to 40% of the 
displacement dk0, as it is possible to state from experimental dynamic 
testing carried out by some authors (Doherty et al. 2002, Restrepo-Velez 
and Magenes, 2004). 
 
The elastic branch of the capacity curve should be taken into account in order to have 
all the information about the mechanism chosen for each macro-element of the 
structure. It is necessary to know three parameters: 
• ay: acceleration corresponding to the yielding condition; 
• dy: displacement corresponding to the ay acceleration: 
• T*s: secant period, namely represent the inclination of the elastic branch of 
the capacity curve. 
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The Annex 11.C of Ordinance PCM 3431/2005 (Italian design rules) establishes that the 
displacement dy can be evaluated considering it equal to 40% of the ultimate 
displacement d*u, as shown in the formulation (8): 
 
*40,0 uy dd ⋅=  (8) 
 
Using the Formulation (7), in which  d* is substituted by dy, it is possible to obtain the 
acceleration ay corresponding to the yielding condition. 
The secant period will be obtained applying the formulation (9): 
y
y
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The Figure reported below is taken as an example in order to explain all the value 
obtained using the procedure listed in this paragraph: 
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Figure 3.5.1: Representation of all the parameters evaluated to know the capacity curve 
 
The T*s line represents the elastic branch of the capacity curve (blue line). 
P is the elastic limit, in which the behaviour changes from elastic to inelastic and it is 
characterized by two value, horizontal coordinate (dy, elastic displacement) and vertical 
coordinate (ay, acceleration corresponding to the elastic limit). 
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3.6. Evaluation of the demand of the structures under seismic actions according 
to the European design rule – Eurocode 8. 
 
Catalonia region is not prone to heavy earthquake like other European sites. In fact, 
taking into account that the peak ground acceleration (PGA) in Barcelona is equal to 
0.04 g, it is possible to state that, this important value chosen to identify the seismic 
action on the structure, is much lower than PGA computed for other parts of the world. 
The EuroCode 8 establish all the parameters that have to be taken into account in order 
to evaluate the seismic action acting on the structures located in particular area of the 
state. One of the most important parameters is the soil effect that can increase the 
ground motion acceleration based on its mechanical properties. 
The following studies have been carried out considering the worst soil mechanical 
properties as shown in some papers consulted in order to have a better idea about the 
ground. Choosing the fore mentioned value it is also possible to have maximum 
amplification of the seismic effect. The applied method is based on the evaluation of 
the elastic response spectrum for a given earthquake properties. 
The European design rule gives three different soil typology named A, B, and C. The 
type B represent the soil with the worst mechanical properties that lead to a maximum 
amplification of the seismic actions. In the following graph is depicted the difference in 
terms of spectral acceleration due to the different soil typology considering the 
following parameters and relations: 
 
S β o K1 K2 TB TC TD ag = a * g
A 1 2.5 1 2 0.1 0.4 3 0.3924
B 1 2.5 1 2 0.15 0.6 3 0.3924
C 0.9 2.5 1 2 0.2 0.8 3 0.3924
 
 Table 3.6.1: Values adopted by the EC8 to compute the spectral acceleration 
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Figure 3.6.1: Representation of the elastic spectrum for each soil type using PGA=0.04g 
 
In order to compute the demand curve for a given structure under seismic action, the 
evaluation of ADSR (Acceleration-Displacement Response Spectra) graph is necessary. 
The fore mentioned graph has the spectral acceleration on the vertical axis and the 
spectral displacement on the horizontal axis. 
The spectral displacement can be related to the spectral acceleration using the 
formulation (10): 
aed S
TS ⋅
⋅
= 2
2
4 pi
 
(10) 
 
Considering the parameters before listed and the soil type B, the ADSR graph is 
modelled and assume the following shape: 
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Figure 3.6.2: Representation of the ADSR graph considering the soil type B using PGA=0.04g 
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The before depicted graphs, obtained using the EuroCode 8, can be used for two of the 
three total analysed churches. 
In fact, taking into account the Martinez’s phd-thesis (put into the references) it is 
possible to state that Mallorca cathedral presents a different value of PGA. Compared 
with Santa Maria del Mar and Santa Maria del Pi, it is slightly higher and equal to 
0.06g. 
For that reason, using the same parameters listed in the Table 3.6.1, but considering a 
PGA value as above reported, it is possible to depict the following elastic response 
spectrum and ADSR graph used only for Mallorca Cathedral calculations. 
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Figure 3.6.3: Representation of the elastic spectrum for each soil type using PGA=0.06g 
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Figure 3.6.4: Representation of the ADSR graph considering the soil type B using PGA=0.06g 
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3.7. Evaluation of the demand of the structures under seismic actions in 
according to the Spanish design rule – NCSE 02. 
 
As it has been said in the previous paragraphs, the Fajfar method will be discussed in 
order to compute the safety of the structure under seismic actions in according to the 
European and Spanish design rules. 
The European design rules (EC8) has already been introduced and in the followings 
rows the evaluation of the demand curve in according to the Spanish rule will be 
computed. 
The formulations used in order to calculate the spectral acceleration are reported in the 
following: 
                                          
where all the values are depicted in the table below and an acceleration of 0.04g has 
been used. The same ground mechanical properties established in the EC8 have been 
considered in order to have a possible comparison between the two design rules. 
 
ab = a * g ρ C S ac TA TB
A 0.392 1.3 2 1.6 0.816 0.2 0.8
 
Table 3.7.1: Values adopted by the NCSE-02 to compute the spectral acceleration 
 
The shape of the response spectrum is described in the next Figure 3.7.1: 
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Figure 3.7.1: Spectral acceleration graph in according to the NCSE-02 using PGA=0.04g 
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It is possible to relate the spectral accelerations to the spectral displacements in order to 
depict the ADSR graph, using the formulation (9) introduced before: 
The ADSR graph obtained is the following: 
ADSR graph
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Figure 3.7.2: ADSR graph in according to the NCSE-02 using PGA=0.04g 
 
Also in this case, a different PGA for Mallorca Cathedral has to be considered and, 
namely, taking it equal to 0.06g. For that reason, using the same parameters listed in the 
Table 3.7.1, but considering a PGA value as above reported, it is possible to depict the 
following elastic response spectrum and ADSR graph used only for Mallorca Cathedral 
calculations. 
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Figure 3.7.3: Spectral acceleration graph in according to the NCSE-02 using PGA=0.06g 
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ADSR graph
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Figure 3.7.4: ADSR graph in according to the NCSE-02 using PGA=0.06g 
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3.8. Comparison between the response spectrum and ADSR graphs obtained 
using the design rules described in the previous paragraph. 
 
The two graphs have been put in the same charter to get easier the comparison and 
highlight the differences in terms of spectral accelerations and ADSR graphs. 
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Figure 3.8.1: Comparison between the Spectral acceleration graphs using the EC8 and NCSE-02 using 
PGA=0.04g 
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Figure 3.8.2: Comparison between the ADSR graphs using the EC8 and NCSE-02 using the PGA=0.04g 
 
In both cases it is possible to see the higher values reached using the European code 
EC8 in terms of spectral acceleration. In fact, pay attention on the first graph it is clear 
the following condition: 
[ ] [ ]02
sec
816.0)(8
sec
981.0)( 22 −=⇒= NCSEmTSECmTS aa  
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Taking into account the results achieve in the second graph, the lower pseudo-
displacement computed using EC8 is underlined. 
In the following graphs the differences between the elastic response spectrum and the 
ADSR graphs obtained using a PGA=0.06g are depicted. 
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Figure 3.8.3: Comparison between the Spectral acceleration graphs using the EC8 and NCSE-02 using 
PGA=0.06g 
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Figure 3.8.4: Comparison between the ADSR graphs using the EC8 and NCSE-02 using the PGA=0.06g 
 
In both cases it is possible to see the higher values reached using the European code 
EC8 in terms of spectral acceleration. In fact, pay attention on the first graph it is clear 
the following condition: 
[ ] [ ]02
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22.1)(8
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3.9.   Fajfar method [Capacity Spectrum Method based on inelastic demand 
spectra, 1999] 
 
The dissipative capacity of a structure is represented by the global structural ductility µ, 
called ductility factor. 
The ductility factor is defined by the ratio between the ultimate displacement, uu, and 
the limit elastic displacement uy, as it is possible to show in the formulation (11): 
y
u
u
u
=µ
 
(11) 
 
The global ductility of a structure gives to the designers an important parameter to 
identify the capacity of dissipation of the energy due to its inelastic deformation. 
The real behaviour of the structures under seismic action is inelastic because of the 
irreversible degradation phenomenon and the load-unload cycles on the structures due 
to the earthquakes. 
The non linear dynamic analysis should be performed in order to take into account the 
non linear  structural characteristics in terms of material and geometry.  
The global structural ductility can be evaluated knowing the capacity curve of the 
structure. The latter curve determine the structural response considering vertical and 
horizontal forces applied on the structures up to reach the ultimate condition (collapse). 
The curve is obtained considering the force-displacement evolution (taking into account 
one controlled point) step by step.  
An example of capacity curve of a structure is reported in the picture below: 
 
 
Figure 3.9.1: An example of capacity curve for a structure 
 
The capacity curve is influenced by other parameters as vertical loads, application of 
the loads, external conditions, material viscosity etc, and for all the reasons said before, 
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the collapse mechanism does not occur when the first plastic hinge appear. The real 
behaviour does not introduce a suddenly stiffness variation, but a gradual decrease. 
Apart from the behaviour factor q, that is possible to evaluated accurately for new 
structures, the inelastic properties of the ancient buildings can be taken into account 
applying the ductility factor µ. 
In the previous paragraph, the ADSR graphs have been introduced taking into account 
two design rules, Eurocode 8 and NCSE-02 (Spanish seismic code). 
In both cases only the viscous damping equal to 5% has been considered, but in order to 
consider the real behaviour of the structures under seismic action, another parameter 
have to be introduced to take into account the load-unload earthquakes cycles and to 
consider the hysteretic energy dissipation. 
It is possible to use the formulation (12) proposed by Vidic et al. (1994) slightly 
modified by Miranda and Bertero (1998) in their works, put in the references of this 
dissertation work. 
 
(12) 
 
where: 
• µ is the ductility factor defined as the ratio between the ultimate 
displacement and the yield displacement; 
• Rµ is the reduction factor due to the ductility. 
 
To has been chosen equal to Tc, where the constant acceleration of the response 
spectrum passes to the constant velocity of the spectrum. 
Moreover, when  Rµ and µ are computed, the formulations (13) have been introduced in 
order to relate the acceleration spectrum Sa and displacement spectrum Sd, for the 
inelastic SDOF system with a bilinear force-displacement relation. 
 
 
(13) 
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it is possible to distinguish two different structural cases : 
• The procedure taking into account the hysteretic energy dissipation can be 
applied when the intersection point between the spectral capacity curve and 
ADSR graph is located on the inelastic branch of the spectral capacity curve 
(Figure 3.9.2-A); 
• when the intersection point is located on the elastic branch of the spectral 
capacity curve, the hysteretic energy dissipation cannot be taken into account 
(Figure 3.9.2-B). The performance point is the horizontal coordinate of the 
intersection point before mentioned 
 
Figure 3.9.2: A – intersection point in the inelastic branch of spectral capacity curve; 
B- intersection point in the elastic branch of spectral capacity curve. 
 
In the calculations reported in the next chapter, the hysteretic energy dissipation is 
always assumed.  
It is possible to apply the following step in order to take into account the inelastic 
properties of the structure: 
 
a) Evaluation of the reduction factor Rµ as a ratio between the acceleration 
corresponding to the intersection point between the elastic period and the 
elastic response spectrum, and the yield  acceleration,  using the following 
relation: 
y
s
a
a
R
*
=µ  
 
 
 
B A 
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b) Check the value of the elastic period compared with the fundamental 
period Tc 
i. T*s > Tc →      Rµ = µ 
ii. T*s ≤ Tc →     ( ) 11 +−=
CT
TR µµ  
c) The value of Rµ is known from the point a) and it is possible to know the 
value of the ductility factor from the point b), using the inverse 
formulation: 
i. T*s > Tc →       Rµ = µ 
ii. T*s ≤ Tc →      ( ) 11 +−=
CT
TR µµ       →       ( ) 11 +−= T
T
R Cµµ  
 
d) Evaluation of displacement demand using all the point before listed : 
i. T*s > Tc →         Rµ = µ        →       Sd = Sde 
ii. T*s ≤ Tc    →     ( ) 11 +−=
CT
TR µµ        →     ( ) 11 +−= T
T
R Cµµ    →  
ded SR
S
µ
µ
=  
 
 
The value of the spectral displacement evaluated using the previous formulation will be 
compared with the ultimate displacement of the structure in order to asses the its safety. 
Moreover, the same value can be used to establish the level of the damage in according 
to Lagomarsino’s hypothesis (2003). 
When the spectral capacity curve is known, it is possible to identify four different 
regions that represent the level of the damages and are evaluated using the formulation 
reported below. 
Lagomarsino established five different level of the damages that is possible to have on 
the structure and are reported in the following Table 3.9.1 and Table 3.9.2. 
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Figure 3.9.3: Different level of damages 
 
D4   Sd > 0.5 Sdu
D2  Sdy ≤ Sd ≤ 0.25 Sdu
D3  0.25 Sdu ≤ Sd ≤ 0.5 Sdu
D0 Sd ≤ 0.7 Sdy
D1  0.7 Sdy ≤ Sd ≤ Sdy
label of damages spectral displacements
 
Table 3.9.1: Level of damages and its formulations 
 
The method can be applied comparing the Sd value fore mentioned with the level Di 
above defined. 
D3 extensive and severe damage
D4 complitely damage or collapse
D1 lighly damage
D2 moderate damage
label of damages damages description
D0 no damage
 
Table 3.9.2: Level of damages and its descriptions 
 
Using this method it is possible to be aware about the damages that can occur on the 
selected macro-element when seismic actions are applied on the structure.  
 
The procedure fore mentioned will be applied for both the design rule, EuroCode 8 and 
NCSE-02, in order to make a final comparison among the obtained results. 
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4. RESULTS OBTAINED BY USING OF C.S.M. – EC8 
 
 
In the previous chapter, the Capacity Spectrum Method (C.S.M.) has been introduced 
and all the steps and formulations have been described in order to have clear the 
meaning of this simplify analysis of the structures. 
In the present chapter the results obtained using the C.S.M. will be reported for all the 
structures object of study and take into account two different design rules. 
For the different structures, the macro-elements have been considered and for each of 
them, the method has been applied. 
The steps followed to obtain the results can be listed in the classification reported 
below: 
1) Using the seismic code (Eurocode 8 and NCSE-02), it is possible to obtain the 
demand curve; 
2) Select the macro-elements and obtain the capacity curve using the procedure 
already introduced; 
3) Convert the capacity curve in order to be possible to put the graphs evaluated in 
the point 1) and 2) in the same draw; 
4) Find the intersection point (performance point) between the functions defined 
by the horizontal coordinate (demand displacement) and vertical coordinate 
(spectral acceleration); 
5) Compare the capacity displacement with demand displacement (safety factor); 
6) Apply the Lagomarsino hypothesis (Lagomarsino, 2003) in order to estimate the 
possible level of damage can occur on the costructions under seismic actions. 
 
In the following paragraphs will be reported only the main results for each considered 
mechanisms and all the calculations have been put in the ANNEX B (evaluation of 
capacity curve for each mechanism) and ANNEX C (all the procedure to apply the 
C.S.M.) of the present dissertation’s work. 
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4.1.     Santa Maria del Pi 
 
All the considered mechanisms are reported in the Table 4.1.1 in which the name of 
mechanism and a brief description are reported. 
 
mechanism
1
2
3
3 mode
4
4 mode
5
6
7
8
9
10
11
12
out of plane rotation of one part of the apse
out of plane rotation of one part of the apse
out of plane rotation of one part of the apse
out of plane rotation of one part of the apse
out of plane rotation of the whole pricipal  façade
in plane motion of the transept under trasversal horizontal load
in plane motion of the upper part of the principal façade
in plane motion of the whole principal façade
apse 2
apse 3
apse 4
description of mechanisms
out of plane rotation of the whole tower
out of plane rotation of the upper part of the tower
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
transept
in-plane upper facade
in-plane whole facade
apse 1
upper facade (no r.w.)
upper facade (with r.w.)
upper facade (with r.w.)
whole facade
upper facade (no r.w.)
upper tower
typology
total tower
 
Table 4.1.1: All the mechanisms studied on the S.Maria del Pi church 
 
In the following Figures the different mechanisms already reported in the table afore 
mentioned, will be introduced with them main obtained results. 
 
Mechanism 1: tower rotation 
 
In the Figure 4.1.1 the mechanism has been represented considering the rotation of the 
whole tower, taking into account a rotation point in the base of the structure. 
 
 
 
 
 
 
Figure 4.1.1: Mechanism 1 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,204 1,143 0.164 6,97 Do 
Table 4.1.2: Main obtained results 
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The meaning of the coefficient reported in the table afore reported are listed in the 
following: 
• αo, seismic coefficient for the studied mechanism; 
• du, ultimate displacement of the selected mechanism of the macro-element 
object of the study; 
• dd, demand displacement of the macro-element under seismic action considering 
the selected mechanism; 
• S.F., safety factor obtained by the ratio between the ultimate displacement (du) 
and demand displacement (dd); 
• Di, is the level of damage described in Lagomarsino, 2003. 
 
 
Mechanism 2: upper tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the tower. 
 
 
 
 
 
 
  
Figure 4.1.2:  Mechanism 2 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,709 1,143 0.164 6,97 Do 
Table 4.1.3: Main obtained results 
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Mechanism 3: over turning upper part of façade 
 
In the following picture the mechanism has been represented considering the over 
turning of the upper part of the Principal façade. 
 
Figure 4.1.3: Mechanism 3 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,133 0.150 0.057 2.63 D1
 
  Table 4.1.4: Main obtained results 
 
 
Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 3 mode is the same of the mechanism 3, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason it is possible to consider the Figure 4.1.3 to understand the mechanism 
and in the following only the main results will be reported. 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,084 0.150 0.089 1.69 D2
 
   
Table 4.1.5: Main obtained results 
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Mechanism 4: over turning upper part of façade 
 
In the following picture the mechanism has been represented considering the over 
turning of the upper part of the Principal façade, considering the rose window in the 
mechanism. 
                     
Figure 4.1.4: Mechanism 4 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,05 0.150 0.116 1.29 D3
 
   
Table 4.1.6: Main obtained results 
 
Mechanism 4 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Also in this case, the whole façade has been taken into account in order to have a more 
realistic result as the procedure seen in the mechanism 3 mode, before introduced. 
For this reason, the mechanism is the same reported in the Figure 4.1.4. 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,041 0.150 0.126 1.19 D3
 
   
Table 4.1.7: Main obtained results 
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Mechanism 5: over turning of the central part of the  façade 
 
In the following picture the mechanism has been represented considering the over 
turning of the upper part of the Principal façade, considering the rose window in the 
mechanism. 
      
Figure 4.1.5: Mechanism 5 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,068 0.328 0.129 2.54 D1
 
   
Table 4.1.8: Main obtained results 
 
Mechanism 6: transversal seismic action 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
 
 
Figure 4.1.6: Mechanism 6 studied on the S.Maria del Pi church 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,135 0.693 0.157 4.42 D0
 
   
Table 4.1.9: Main obtained results 
 
Mechanism7: transversal seismic action of the principal façade 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
Figure 4.1.7: Mechanism 7 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,846 1.875 0.145 12.93 D0
 
   
Table 4.1.10: Main obtained results 
 
 
Mechanism8: transversal seismic action of the principal façade 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
Figure 4.1.8: Mechanism 8 studied on the S.Maria del Pi church 
block 1
block 2
block  1
block  2
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
1.56 1.787 0.145 12.32 D0
 
   
Table 4.1.11: Main obtained results 
 
Mechanism 9: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure 4.1.9: Mechanism 9 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0.109 0.543 0.151 3.60 D0
 
   
Table 4.1.12: Main obtained results 
 
 
 
 
 
 
 
 
 
 
 
 
 
Application of Capacity Spectrum Method to medieval constructions: Results obtained by using C.S.M. – 
EC8 
 
 
48 
Mechanism 10: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure 4.1.10: Mechanism 10 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0.124 0.614 0.151 4.06 D0
 
   
Table 4.1.13: Main obtained results 
 
 
Mechanism 11: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure 4.1.11: Mechanism 11 studied on the S.Maria del Pi church 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0.111 0.553 0.148 3.74 D0
 
   
Table 4.1.14: Main obtained results 
 
Mechanism 12: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure 4.1.12: Mechanism 12 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0.182 0.895 0.164 5.46 D0
 
   
Table 4.1.15: Main obtained results 
 
 
 
 
 
 
 
 
 
 
Application of Capacity Spectrum Method to medieval constructions: Results obtained by using C.S.M. – 
EC8 
 
 
50 
4.2.     Santa Maria del Mar 
 
All the considered mechanisms are reported in the Table 4.2.1 in which the name of 
mechanism and a brief description are reported. 
 
mechanism
1
2
2 mode
3
3 mode
4
5
6
7
8
9
10
11
12
12 mode
13
13 mode
14
14 mode
15
15 mode
total tower
central upper facade
central upper facade
mechanisms' description
out of plane rotation of the whole tower
out of plane rotation of the upper part of the principal façade
typology
transept 1st hypothesis
transept 2nd hypothesis
upper part facade
upper part facade
total facade
in-plane upper facade
second upper tower
first upper tower
first upper tower
second upper tower
second upper tower
in plane motion of the upper part of the principal façade
in plane motion of half part of the principal façade
in plane motion of the upper part of the principal façade
second upper tower
transept 3rd hypothesis
apse
first upper tower
first upper tower
in-plane facade-tower
in-plane half facade
in plane motion of the transept under trasversal horizontal load
out of plane rotation of one part of the apse
in plane motion of the transept under trasversal horizontal load
in plane motion of the transept under trasversal horizontal load
out of plane rotation of the first upper part of the tower
out of plane rotation of the first upper part of the tower
out of plane rotation of the first upper part of the tower
out of plane rotation of the first upper part of the tower
out of plane rotation of the second upper part of the tower
out of plane rotation of the second upper part of the tower
out of plane rotation of the second upper part of the tower
out of plane rotation of the second upper part of the tower
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the whole pricipal  façade
 
Table 4.2.1: All the mechanisms studied on the S.Maria del Mar church 
 
As done in the previous paragraph, the mechanisms and the main results obtained using 
the C.S.M. are reported. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Application of Capacity Spectrum Method to medieval constructions: Results obtained by using C.S.M. – 
EC8 
 
 
51 
Mechanism 1: tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure 4.2.1: Mechanism 1 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,123 0,930 0.165 5.64 Do 
   
Table 4.2.2: Main obtained results 
 
Mechanism 2: over turning of the upper part of façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the façade. 
 
Figure 4.2.2: Mechanism 2 studied on the S.Maria del Pi church 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,142 0,150 0.056 2.68 D1 
   
Table 4.2.3: Main obtained results 
 
Mechanism 2 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 2 mode is the same of the mechanism 2, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,142 0,150 0.08 1.88 D2 
   
Table 4.2.4: Main obtained results 
 
Mechanism 3: over turning upper part of façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure 4.2.3: Mechanism 3 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,089 0,20 0,10 2,00 D2 
   
Table 4.2.5: Main obtained results 
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Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
As said for the mechanism 2 mode, even in this case it is possible to state that the 
mechanism 3 mode is the same of the mechanism 3, but taking into account the whole 
façade. 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,059 0,20 0,125 1,60 D2 
   
Table 4.2.6: Main obtained results 
 
 
Mechanism 4: Over turning of façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole principal façade, taking into account a rotation point in the base of the 
structure. 
 
Figure 4.2.4: Mechanism 4 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,0624 0,566 0,153 3,70 D0 
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Table 4.2.7: Main obtained results 
Mechanism 5: upper part tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the tower tower. 
 
Figure 4.2.5: Mechanism 5 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,681 0,530 0,05 10,61 D0 
   
Table 4.2.8: Main obtained results 
 
Mechanism 6: tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure 4.2.6: Mechanism 6 studied on the S.Maria del Pi church 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,701 0,397 0,04 9,93 D0 
   
Table 4.2.9: Main obtained results 
 
Mechanism 7: in plane mechanism of the principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure 4.2.7: Mechanism 7 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
1,46 0,950 0,06 15,83 D0 
   
Table 4.2.10: Main obtained results 
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Mechanism 8: transversal seismic action 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
 
 
Figure 4.2.8: Mechanism 8 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,088 0,846 0,202 4,19 D0 
   
Table 4.2.11: Main obtained results 
 
Mechanism 9: transversal seismic action of the transept 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
 
 
Figure 4.2.9: Mechanism 9 studied on the S.Maria del Pi church 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,102 1,257 0,254 4,95 D0 
   
Table 4.2.12: Main obtained results 
 
 
Mechanism 10: transversal seismic action of the transept 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
 
 
Figure 4.2.10: Mechanism 10 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,083 1,118 0,225 4,97 D0 
   
Table 4.2.13: Main obtained results 
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Mechanism 11: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure 4.2.11: Mechanism 11 studied on the S.Maria del Mar church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,158 0.940 0,178 5,28 D0 
   
Table 4.2.14: Main obtained results 
 
Mechanism 12: torsion on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
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Figure 4.2.12: Mechanism 12 studied on the S.Maria del Mar church 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,128 0,139 0,054 2,57 D2 
   
Table 4.2.15: Main obtained results 
 
Mechanism 12 Mode: torsion on the upper part of the tower 
 
The mechanism 12 mode is the same of the mechanism 12, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,086 0,139 0,072 1,93 D2 
   
Table 4.2.16: Main obtained results 
 
Mechanism 13: translation on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure 4.2.13: Mechanism 13 studied on the S.Maria del Mar church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,14 0,174 0,021 8,30 D0 
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Table 4.2.17: Main obtained results 
Mechanism 13 Mode: translation  on the upper part of the tower 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,10 0,174 0,03 5,81 D0 
   
Table 4.2.18: Main obtained results 
 
Mechanism 14: torsion on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure 4.2.14: Mechanism 14 studied on the S.Maria del Mar church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,115 0,148 0,061 2,42 D2 
   
Table 4.2.19: Main obtained results 
 
Mechanism 14 Mode: torsion on the upper part of the tower 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,084 0,148 0,082 1,80 D2 
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Table 4.2.20: Main obtained results 
Mechanism 15: translation on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure4.2.15: Mechanism 15 studied on the S.Maria del Mar church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,11 0,193 0,041 4,71 D0 
   
Table 4.2.21: Main obtained results 
 
Mechanism 15 Mode: translation on the upper part of the tower 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,08 0,193 0,056 3,45 D1 
   
Table 4.2.22: Main obtained results 
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4.3.     Mallorca Cathedral 
 
All the considered mechanisms are reported in the Table 4.3.1 in which the name of 
mechanism and a brief description are reported. 
mechanism
1
2
3
3 mode
4
4 mode
5
6 - Martinez
6 - Vaca
out of plane rotation of the upper part of the principal façade
out of plane rotation of the whole tower
in plane motion of the transept under trasversal horizontal load
in plane motion of the transept under trasversal horizontal load
out of plane rotation of the central part of the pricipal  façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
upper facade (no r.w.)
tower
typical transept
typical transept
central whole facade
upper facade with r.w.
upper facade with r.w.
upper facade (no r.w.)
whole facade
typology mechanisms' description
out of plane rotation of the whole pricipal  façade
 
Table 4.3.1: All the mechanisms studied on the Mallorca Cathedral 
 
The same procedures of the previous paragraphs, will be followed also in the present 
one, taking into account for every mechanism the main results obtained by using od 
C.S.M. 
 
 
Mechanism 1: over turning whole principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole principal façade, taking into account a rotation point in the base of the 
structure. 
 
 
 
 
 
 
 
 
Figure 4.3.1: Mechanism 1 studied on the Mallorca Cathedral 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,271 1,649 0.202 8,16 Do 
   
Table 4.3.2: Main obtained results 
 
 
Mechanism 2: over turning of the central part of principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the central part of the façade. 
 
 
 
 
 
 
 
 
 
Figure 4.3.2: Mechanism 2 studied on the Mallorca Cathedral 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,14 1,365 0,185 7,38 D0 
   
Table 4.3.3: Main obtained results 
 
 
 
 
 
 
 
 
 
 
Application of Capacity Spectrum Method to medieval constructions: Results obtained by using C.S.M. – 
EC8 
 
 
64 
 
Mechanism 3: over turning of the upper part of principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the central part of the façade. 
 
 
 
 
 
 
 
 
 
Figure 4.3.3: Mechanism 3 studied on the Mallorca Cathedral 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,14 1,365 0,185 7,38 D0 
   
Table 4.3.4: Main obtained results 
 
 
Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 3 mode is the same of the mechanism 3, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,246 1,113 0,222 5,01 D0 
   
Table 4.3.5: Main obtained results 
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Mechanism 4: over turning of the upper part of principal façade without rose window 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
 
 
 
 
 
 
 
 
Figure 4.3.4: Mechanism 4 studied on the Mallorca cathedral 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,336 1,058 0,145 7,30 D0 
   
Table 4.3.6: Main obtained results 
 
Mechanism 4 Mode: over turning upper part of façade without rose window taking into 
account all the façade structure 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,336 1,058 0,191 5,54 D0 
   
Table 4.3.7: Main obtained results 
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Mechanism 5: Over turning of whole tower 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
 
 
 
 
 
 
 
 
Figure 4.3.5: Mechanism 5 studied on the Mallorca Cathedral 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,167 1,20 0,215 5,58 D0 
   
Table 4.3.8: Main obtained results 
 
Mechanism 6-1: transversal action on the transept 
 
In the following picture the mechanism has been represented considering the 
transversal action applied on the transept. The mechanism and the capacity curve have 
been considered from the Phd thesis of Martinez (work has been put on the references). 
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Figure 4.3.6: Mechanism 6-1 studied on the Mallorca Cathedral 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,15 0,248 0,045 5,51 D1 
   
Table 4.3.9: Main obtained results 
 
Mechanism 6-2: transversal action on the transept 
 
The same mechanism has been studied by Vaca in his Phd thesis work (even this work 
has been put in the references). 
Vaca applied the limit analysis procedure in order to obtain the capacity curve of 
transept and it is possible to report the following results: 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,103 0,900 0,310 2,90 D1 
 
Table 4.3.10: Main obtained results 
 
As it is possible to see from the results reported in the Table 4.3.9 and Table 4.3.10, the 
second procedure lead to a lower safety factor for the macro-element object of the study. 
An over estimation of the mechanical properties of the structure may lead to this 
different results. 
By the way, the procedure proposed by Vaca seems much more realistic in terms of 
obtained results compared with the first one described as Mechanism 6-1. 
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4.4. Recap of the results obtained considering Eurocode 8 
 
The results obtained using the C.S.M. and reported in the previous paragraphs for the 
three Churches object of the study, show a general satisfactory of the seismic protection 
level, especially for Santa Maria del Mar and Mallorca Cathedral. 
In these ecclesiastic structures, it is reached a maximum level of the damage equal to 
D2 that corresponds to a moderate damage when the seismic action are applied on the 
them (as reported in Lagomarsino, 2003). 
The main seismic problem occur on Santa Maria del Pi Church in which, for the upper 
part of the principal façade, the level of damage D3 is reached. 
The D3 level corresponds to an extensive damage and it must be taken under control, to 
avoid possible collapse or changing of the equilibrium conditions. 
At the end, if for the Santa Maria del Mar Churches and Mallorca Cathedral can be 
avoid any strengthening interventions, for Santa Maria del Pi it seems no so easy. 
For example a tie system can be applied in order to change the occurred mechanism and 
increase the safety level under seismic actions. 
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5. RESULTS OBTAINED BY USING OF C.S.M. – NCSE-02 
 
 
In the previous chapter, the Capacity Spectrum Method (C.S.M.) has been applied 
considering for the three Churches divided in macro-elements and the demand curve 
was evaluated using the EuroCode 8. 
In this chapter the same procedure will be applied but considering the NCSE-02 in 
order to evaluate the demand curve. 
The macro-elements for each Churches and the studied mechanisms are the same of the 
previous chapter, even if, in the following paragraphs the mechanisms’ drawing will be 
reported jointed to tables in which all the main obtained results are detailed. 
The meaning of these values are reported in the chapter four. 
Also in these cases, in the ANNEX B and ANNEX C of the present dissertation work, 
the whole C.S.M. procedure will be introduced. 
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5.1.     Santa Maria del Pi 
 
Mechanism 1: tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
 
 
 
 
 
Figure 5.1.1: Mechanism 1 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,204 1,143 0.160 7,14 Do 
   
Table 5.1.1: Main obtained results 
 
Mechanism 2: upper tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the tower. 
 
 
 
 
 
 
Figure 5.1.2:  Mechanism 2 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,709 0,790 0,070 11,29 Do 
  Table 5.1.2: Main obtained results 
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Mechanism 3: over turning upper part of façade 
 
In the following picture the mechanism has been represented considering the over 
turning of the upper part of the Principal façade. 
 
Figure 5.1.3: Mechanism 3 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,133 0.150 0.051 2.94 D1
 
   
Table 5.1.3: Main obtained results 
 
 
Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 3 mode is the same of the mechanism 3, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason it is possible to consider the Figure 5.1.3 to understand the mechanism 
and in the following only the main results will be reported. 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,084 0.150 0.075 2,00 D2
 
   
Table 5.1.4: Main obtained results 
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Mechanism 4: over turning upper part of façade 
 
In the following picture the mechanism has been represented considering the over 
turning of the upper part of the Principal façade, considering the rose window in the 
mechanism. 
                     
Figure 5.1.4: Mechanism 4 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,05 0.150 0.105 1.43 D3
 
   
Table 5.1.5: Main obtained results 
 
Mechanism 4 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,041 0.150 0.115 1.30 D3
 
   
Table 5.1.6: Main obtained results 
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Mechanism 5: over turning of the central part of the  façade 
 
In the following picture the mechanism has been represented considering the over 
turning of the upper part of the Principal façade, considering the rose window in the 
mechanism. 
      
Figure 5.1.5: Mechanism 5 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,068 0.328 0.117 2.80 D1
 
   
Table 5.1.7: Main obtained results 
 
Mechanism 6: transversal seismic action 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
 
 
Figure 5.1.6: Mechanism 6 studied on the S.Maria del Pi church 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,135 0.693 0.144 4.82 D0
 
   
Table 5.1.8: Main obtained results 
 
Mechanism7: transversal seismic action of the principal façade 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
Figure 5.1.7: Mechanism 7 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,846 1.875 0.130 14,42 D0
 
   
Table 5.1.9: Main obtained results 
 
 
Mechanism8: transversal seismic action of the principal façade 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
Figure 5.1.8: Mechanism 8 studied on the S.Maria del Pi church 
block 1
block 2
block  1
block  2
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
1.56 1.787 0.12 14,89 D0
 
   
Table 5.1.10: Main obtained results 
 
Mechanism 9: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure 5.1.9: Mechanism 9 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0.109 0.543 0.140 3.88 D0
 
   
Table 5.1.11: Main obtained results 
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Mechanism 10: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure 5.1.10: Mechanism 10 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0.124 0.614 0.140 4.38 D0
 
   
Table 5.1.12: Main obtained results 
 
 
Mechanism 11: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure 5.1.11: Mechanism 11 studied on the S.Maria del Pi church 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0.111 0.553 0.140 3.95 D0
 
   
Table 5.1.13: Main obtained results 
 
Mechanism 12: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure 5.1.12: Mechanism 12 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0.182 0.895 0.1650 5.97 D0
 
   
Table 5.1.14: Main obtained results 
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5.2.     Santa Maria del Mar 
 
Mechanism 1: tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure 5.2.1: Mechanism 1 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,123 0,930 0.160 5.81 Do 
   
Table 5.2.1: Main obtained results 
 
Mechanism 2: over turning of the upper part of façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the façade. 
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Figure 5.2.2: Mechanism 2 studied on the S.Maria del Pi church 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,142 0,150 0.049 3,06 D1 
   
Table 5.2.2: Main obtained results 
 
Mechanism 2 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 2 mode is the same of the mechanism 2, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,142 0,150 0.071 2,11 D2 
   
Table 5.2.3: Main obtained results 
 
Mechanism 3: over turning upper part of façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure 5.2.3: Mechanism 3 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,089 0,20 0,092 2,17 D2 
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Table 5.2.4: Main obtained results 
Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,059 0,20 0,11 1,82 D2 
   
Table 5.2.5: Main obtained results 
 
 
Mechanism 4: Over turning of façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole principal façade, taking into account a rotation point in the base of the 
structure. 
 
Figure 5.2.4: Mechanism 4 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,0624 0,566 0,140 4,04 D0 
   
Table 5.2.6: Main obtained results 
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Mechanism 5: upper part tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the tower tower. 
 
Figure 5.2.5: Mechanism 5 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,681 0,530 0,053 10,01 D0 
   
Table 5.2.7: Main obtained results 
 
Mechanism 6: tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure 5.2.6: Mechanism 6 studied on the S.Maria del Pi church 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,701 0,397 0,04 9,93 D0 
   
Table 5.2.8: Main obtained results 
 
Mechanism 7: in plane mechanism of the principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure 5.2.7: Mechanism 7 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
1,46 0,950 0,062 15,32 D0 
   
Table 5.2.9: Main obtained results 
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Mechanism 8: transversal seismic action 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
 
 
Figure 5.2.8: Mechanism 8 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,088 0,846 0,180 4,70 D0 
   
Table 5.2.10: Main obtained results 
 
Mechanism 9: transversal seismic action of the transept 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
 
 
Figure 5.2.9: Mechanism 9 studied on the S.Maria del Pi church 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,102 1,257 0,220 5,71 D0 
   
Table 5.2.11: Main obtained results 
 
 
Mechanism 10: transversal seismic action of the transept 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
 
 
Figure 5.2.10: Mechanism 10 studied on the S.Maria del Pi church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,083 1,118 0,200 5,59 D0 
   
Table 5.2.12: Main obtained results 
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Mechanism 11: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure 5.2.11: Mechanism 11 studied on the S.Maria del Mar church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,158 0.940 0,160 5,88 D0 
   
Table 5.2.13: Main obtained results 
 
Mechanism 12: torsion on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
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Figure 5.2.12: Mechanism 12 studied on the S.Maria del Mar church 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,131 0,132 0,043 3,06 D1 
   
Table 5.2.14: Main obtained results 
 
Mechanism 12 Mode: torsion on the upper part of the tower 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,088 0,132 0,061 2,16 D2 
   
Table 5.2.15: Main obtained results 
 
Mechanism 13: translation on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure 5.2.13: Mechanism 13 studied on the S.Maria del Mar church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,14 0,174 0,021 8,30 D0 
   
Table 5.2.16: Main obtained results 
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Mechanism 13 Mode: translation  on the upper part of the tower 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,10 0,174 0,03 5,81 D0 
   
Table 5.2.17: Main obtained results 
 
Mechanism 14: torsion on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure 5.2.14: Mechanism 14 studied on the S.Maria del Mar church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,115 0,148 0,053 2,78 D1 
   
Table 5.2.18: Main obtained results 
 
Mechanism 14 Mode: torsion on the upper part of the tower 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,082 0,148 0,073 2,02 D2 
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Table 5.2.19: Main obtained results 
Mechanism 15: translation on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure 5.2.15: Mechanism 15 studied on the S.Maria del Mar church 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,11 0,193 0,034 5,68 D0 
   
Table 5.2.20: Main obtained results 
 
Mechanism 15 Mode: translation on the upper part of the tower 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,08 0,193 0,050 3,86 D0 
   
Table 5.2.21: Main obtained results 
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5.3.     Mallorca Cathedral 
 
Mechanism 1: over turning whole principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole principal façade, taking into account a rotation point in the base of the 
structure. 
 
 
 
 
 
 
 
Figure 5.3.1: Mechanism 1 studied on the Mallorca Cathedral 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,271 1,649 0.190 8,68 Do 
   
Table 5.3.1: Main obtained results 
 
Mechanism 2: over turning of the central part of principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the central part of the façade. 
 
 
 
 
 
 
 
 
Figure 5.3.2: Mechanism 2 studied on the Mallorca Cathedral 
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αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,138 1,365 0,180 7,58 D0 
   
Table 5.3.2: Main obtained results 
 
 
Mechanism 3: over turning of the upper part of principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the central part of the façade. 
 
 
 
 
 
 
 
 
 
Figure 5.3.3: Mechanism 3 studied on the Mallorca Cathedral 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,246 1,113 0,190 5,86 D0 
   
Table 5.3.3: Main obtained results 
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Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 3 mode is the same of the mechanism 3, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,246 1,113 0,190 5,86 D0 
   
Table 5.3.4: Main obtained results 
 
Mechanism 4: over turning of the upper part of principal façade without rose window 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
 
 
 
 
 
 
 
 
Figure 5.3.4: Mechanism 4 studied on the Mallorca cathedral 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,336 1,058 0,150 7,06 D0 
   
Table 5.3.5: Main obtained results 
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Mechanism 4 Mode: over turning upper part of façade without rose window taking into 
account all the façade structure 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,222 1,058 0,180 5,88 D0 
   
Table 5.3.6: Main obtained results 
 
Mechanism 5: Over turning of whole tower 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
 
 
 
 
 
 
 
 
Figure 5.3.5: Mechanism 5 studied on the Mallorca Cathedral 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,167 1,20 0,200 6,00 D0 
   
Table 5.3.7: Main obtained results 
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Mechanism 6-1: transversal action on the transept 
 
In the following picture the mechanism has been represented considering the 
transversal action applied on the transept. The mechanism and the capacity curve have 
been considered from the Phd thesis of Martinez (work has been put on the references). 
 
 
 
 
 
 
 
 
 
Figure 5.3.6: Mechanism 6-1 studied on the Mallorca Cathedral 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,15 0,248 0,042 5,90 D1 
   
Table 5.3.8: Main obtained results 
 
 
Mechanism 6-2: transversal action on the transept 
 
Vaca, in his Phd thesis, applied the limit analysis procedure in order to obtain the 
capacity curve of transept and it is possible to report the following results: 
 
αo du (m) dd (m) S.F. = 
d
u
d
d
 Di (level of damage) 
0,103 0,900 0,271 3,32 D1 
 
Table 5.3.9: Main obtained results 
 
As it is possible to see from the results reported in the Table 5.3.9 and Table 5.3.10, the 
second procedure lead to a lower safety factor for the macro-element object of the study. 
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5.4.   Recap of the results obtained considering NCSE-02 
 
It is possible to state that the results obtained using the demand curve according to the 
Spanish seismic code are quite similar to the results described in the previous chapter. 
The safety factors appear lower compared with the previous results, but it is normal 
because of the more restricted rules introduced by the European Code. 
For that reason, the explanations about the possible strengthening solutions and about 
the safety of the structures are the same written in the paragraph 4.4 of the present 
dissertation work. 
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6. IMPROVING OF SEISMIC BEHAVIOUR OF THE CONSTRUCTIONS 
AND INTERVENTION’S TECHNIQUES 
 
The intervention’s techniques must be related to the structures’ conservations. The 
different typologies, the choice of one of them, the evaluation of their urgent depend on 
the evaluation of the seismic behaviour previously described. 
the interventions have to be done on well known parts of the structure, reducing the 
widespread and the number of the operations and, principally, avoiding changing of the 
original stiffness distribution. However, all the operations’ techniques have to be 
focused in a global point of view taking into account the effects of stiffness and 
strength variation. 
The ornamental displays play a very important rule when the interventions have to be 
chosen, because it cannot influence the historical and monumental value of the structure 
or reduce its artistic merit. For that reason, the intervention will be designed after 
analyzing the benefit that it may give to the heritage object of the study. 
The total transformation of the historical monument has to be avoid and activities as 
demolition-substitution and demolition-reconstruction must be prevent. 
In particular and emergency conditions the limitation mentioned above can not be 
respected and minimal permanent alterations are permitted. 
The choice of the interventions are based on the seismic safety evaluations and a good 
knowledge of the structures and the safety and durability level have to be reached 
applying a minimal operations on the historical manufacture. 
Moreover, the monitoring of the structure could be very important to prevent seismic 
damages and avoid strong permanent intervention on the artistic heritages. 
 A lot of new strengthening techniques have been developed in the last years, but it is 
very important establish the main properties of them as compatibility with the structure 
and durability during the time. 
The operations on the structure have to respect the original design and construction 
techniques, taking into account all the historical changes and alterations occurred on the 
structure during the time. 
For those reasons the damaged structural element should be repaired because they 
represent a cultural heritage and an important expression of the past. the substitution 
and reconstructions of the before mentioned unit have to be avoided, while the 
interventions act to reduce the negative effects on the safety must be taken into account. 
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The execution of the interventions is very important to evaluate the operations 
effectiveness and avoid that cinematic motion or instability appear leading the structure 
to worst safety conditions, thus, all the interventions have to be checked during their 
realization. 
It is possible to identify the following classification for the interventions: 
• Widespread: it is possible to establish if the interventions will be done on 
some structural elements or on the whole structure; 
• Static and dynamic behaviour of the structure: all the interventions have to 
be done in order to respect the original behaviour of the manufacture 
without changing the structural arrangement; 
• Reversibility and invasive techniques: where the reversibility allow to 
reach the structural safety target by no-permanent interventions, while the 
invasive operations can lead to changing of the structural arrangement; 
• Active and passive interventions; 
• Architectural operations: all the interventions done in order to preserve the 
structural arrangement and architectural value of the constructions; 
• Durability and compatibility: interventions last during the time, using 
chemically and physically compatibility material. 
 
The costs and the benefits are other important issues to take into account when the 
intervention on the structure has to be chosen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Application of Capacity Spectrum Method to medieval constructions: strengthening and interventions 
 
97 
6.1.   Interventions’ techniques 
 
In the following pages, the main intervention typologies done on the masonry structure 
in order to improve the seismic behaviour will be introduced. 
All the interventions can be classified considering their effectiveness, reversibility, 
invasive condition, compatibility, durability and costs. 
 
 
6.1.1. Intervention made in order to reduce the connections lack 
 
In several cases it is possible to see collapse of the structures due to not good 
connection among the different parts of the constructions. One of the most important 
intervention made on the ancient or historical structures is improving the link in order 
to have a good total behaviour of the manufacture.  
The total behaviour can be realized inserting tie on both principally directions to joint 
the bearing walls allowing to have a reduction of out of plane effect of the main parts of 
the structures. 
Moreover, the tie inserted on the walls with opening can improve the in plane 
behaviour of these parts of constructions, changing the collapsing mechanisms. 
 
 
 
Figure 6.1.1.1: Ties on both direction in order to improve the total behaviour of the structure 
 
 
6.1.2. Interventions made to reduce the thrust of the arches and domes 
 
The main intervention typology made to reduce the thrust of the arches and domes on 
the supporting structural elements is the application of chain. The chain will be located 
on the arches or on the domes, but if it is not possible the chains will be located lower, 
on the supporting walls, showing that these new load combination cannot produce any 
dangerous condition to the structure. 
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The intervention said before is not the only one possible in order to reduce the thrusts, 
but the enlargement of the buttresses or the masonry walls can be another solution. 
In general, the complex conditions discovered to raise the cross section of existing 
structural elements or to study a good solution for a new foundation, justify the 
adoption of the first intervention. 
It is also possible to use innovative techniques applying composites materials on the 
extrados or intrados of the arches and domes, because it respects two important 
conditions said before as the reversibility and easily application. 
However it is necessary taking into account the following issues: 
• Different transpiration between the reinforced zones and no-reinforced 
zones; 
• Durability; 
• No complete reversibility; 
 
The location of the composite fibres has to be checked carefully and well designed in 
order to show the effectiveness of this kind of intervention system.  
The last technique is based on the decreasing of load on the structure in order to reduce 
the thrust acting on the bearing walls. 
If damages and cracks are presented on the structure their repairing are necessary. It is 
possible to have an intervention that lead to a new contact among all the voissuers by 
mortar injection. 
One of the most difficult intervention is to repair the arches when they present a huge 
deformation; in this case new integrative structures, as underarches, could be used to 
solve the matter. 
 
 
 
Figure 6.1.2.1: Application of Fibre Reinforced Polymer on arches 
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6.1.3. Interventions made in order to improve the masonry strengthening 
 
This kind of interventions could be done in order to repair the structures from damages 
and deteriorations or to improve the mechanical characteristics of the masonry 
constructions. The new material used for these operations have to be very similar to the 
original one, in terms of chemically-physically characteristics and mechanical 
properties. The main targets of the intervention are to ensure uniform strength, recover 
the original stiffness of the structural elements and realization of appropriate connection 
between the structural elements.  
The possible intervention are listed in the following: 
• Local rebuilding intervention (from Italian guide lines); 
 
 
Figure 6.1.3.1: Local rebuilding of the structures 
 
• Mix binder injections; 
 
                Figure 6.1.3.2: Injection of masonry walls 
 
• Repointing the bad joints; 
 
Figure 6.1.3.3: Repointing of bed joints 
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• Application of fibre reinforced fabrics and laminates; 
• Application of post tension vertical tie 
 
 
6.1.4. Conclusions about the strengthening systems 
 
The three Churches object of the present dissertation work are characterized by an 
important historical value and can be classified as cultural heritage for the Spain and in 
general for the World. 
In the previous paragraphs, an overview of the principal strengthening methods have 
been introduced, but it is not possible to state that all the techniques can be applied. 
It is necessary to identify the structural defect on the structures before thinking about 
any kind of solution and after, establish which method is the best one for the structure. 
The “best strengthening technique” is not only one, and depend on the structure itself, 
because one method can be effectiveness for one construction but can lead to a worst 
structural conditions for others. 
For that reason the proposed method has to be checked using numerically simulation 
and carry out experimental campaigns in order to be aware about its structural 
usefulness. 
The authenticity of the structures has to be taken into account when the strengthening 
system will be chosen and thus, large impact methods or huge interventions should be 
avoid.  
It is necessary to refer to the ICOMOS/ISCARSAH recommendations where the 
minimal interventions and limited impact methods are suggested. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Application of Capacity Spectrum Method to medieval constructions: Conclusions 
 
101 
7. CONCLUSIONS 
 
The limit analysis and C.S.M. have been applied in the present dissertation work, in 
order to have a better understanding of the seismic behaviour of Gothic structures. 
For that reason two parameters have been studied: 
1) The safety factor; 
2) Level of damages. 
 
The safety factor gives information about the comparison between the seismic action 
demand  and the capacity of the structure under particular load pattern. 
In fact, if the value is more than one, it is possible to state that the structure is safe 
otherwise it is not. 
The second parameter has been taken from Lagomarsino’s paper (2003), and provides 
information about the level of damage that can occur on the structure under a given 
load conditions. The before said parameters are strict connected each other, because 
low safety factors leads to high level of damage and vice versa. 
In the next paragraphs all the obtained results will be shown for each churches taking 
into account the two Seismic Design Code (EC8 and NCSE-02) and reported for each 
mechanism the safety factor and level of damage. 
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7.1.  Santa Maria del Pi 
 
Santa Maria del Pi Church has been divided in twelve different macro-elements and for 
each sub structures a proper mechanisms has been studied. 
The safety factor and the level of damage have been calculated trough the procedure 
shown in the chapter 3rd , and summarize in the Table 7.1.1. 
 
S.F. Damage level S.F. Damage level
1 7.14 D0 6.97 D1
2 11.29 D0 10.3 D0
3 2.94 D1 2.63 D1
3 mode 2 D2 1.69 D2
4 1.43 D3 1.29 D3
4 mode 1.3 D3 1.19 D3
5 2.8 D1 2.54 D1
6 4.82 D0 4.42 D0
7 14.42 D0 12.9 D0
8 14.89 D0 12.3 D0
9 3.88 D0 3.6 D0
10 4.38 D0 4.06 D0
11 3.95 D0 3.74 D0
12 5.97 D0 5.46 D0
apse 2
apse 3
apse 4
whole facade
in-plane upper facade
in-plane whole facade
apse 1
transept
upper facade (no r.w.)
upper facade (no r.w.)
upper facade (with r.w.)
upper facade (with r.w.)
total tower
upper tower
EC8 - FajfarNCSE02 - Fajfar
typologymechanism
 
Table 7.1.1: Obtained results for Santa Maria del Pi Church 
 
In general the safety levels of the church are acceptable because they are always more 
than 2 using both the design rules. 
Only for two macro-elements is possible to identify particular situation in which the 
safety values are less than 2.  
These sub-structures are located in the upper part of the principal façade, considering 
the rose window (for the mechanism 4) and not consider it (for the mechanism 3). 
For the mechanism 4 it is possible to identify a level of damage corresponds to 
extensive damages (D3), but in any cases, far away from the collapse. 
Even if the collapse does not occur, strengthening can be consider in order to avoid that 
this level of damage appear during an earthquake. 
It is also necessary to take into account the costs to realize the reinforced method and if 
the propose technique can solve the problem efficiently. 
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7.2.  Santa Maria del Mar 
 
Santa Maria del Pi Church has been divided in twelve different macro-elements and for 
each sub structures a proper mechanisms has been studied. 
 
S.F. Damage level S.F. Damage level
1 5.81 D0 5.64 D0
2 3.06 D1 2.68 D1
2 mode 2.11 D2 1.88 D2
3 2.17 D2 2 D2
3 mode 1.82 D2 1.6 D2
4 4..04 D0 3.7 D0
5 10.01 D0 10.6 D0
6 9.93 D0 9.93 D0
7 15.32 D0 15.8 D0
8 4.7 D0 4.19 D0
9 5.71 D0 4.95 D0
10 5.59 D0 4.97 D0
11 5.88 D0 5.28 D0
12 3.06 D1 2.54 D2
12 mode 2.16 D2 1.93 D2
13 8.3 D0 8.3 D0
13 mode 5.81 D0 5.81 D0
14 2.78 D1 2.42 D2
14 mode 2.02 D2 1.8 D2
15 5.68 D0 4.71 D0
15 mode 3.86 D0 3.45 D1
EC8 - FajfarNCSE02 - Fajfar
typologymechanism
total tower
central upper facade
central upper facade
upper part facade
upper part facade
total facade
in-plane upper facade
in-plane facade-tower
in-plane half facade
transept 1st hypothesis
transept 2nd hypothesis
transept 3rd hypothesis
apse
first upper tower
first upper tower
first upper tower
second upper tower
first upper tower
second upper tower
second upper tower
second upper tower
 
Table 7.2.1: Obtained results for Santa Maria del Mar Church 
 
In general the safety levels of the church are acceptable because they are always more 
than 2 using both the design rules. 
Only for three macro-elements is possible to identify particular situation in which the 
level of damages correspond to moderate damage (D2).  
These sub-structures are located in the upper part of the principal façade, considering 
the rose window (for the mechanism 3) and not consider it (for the mechanism 2) and in 
the upper part of the tower (mechanism 12). 
During the past century there was a collapse of the upper part of the tower, but this 
calculations shows that it was not due to the earthquake action, but, probably to other 
causes, like design defect or manmade mistake during the construction phase. 
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7.3.  Mallorca Cathedral 
 
Mallorca Cathedral has been divided in seven different macro-elements and for each 
sub structures a proper mechanisms has been studied. 
 
S.F. Damage level S.F. Damage level
1 8.68 D0 8.16 D0
2 7.58 D0 7.38 D0
3 5.86 D0 5.77 D0
3 mode 5.86 D0 5.01 D0
4 7.06 D0 7.3 D0
4 mode 5.88 D0 5.54 D0
5 6 D0 5.58 D0
6 - Martinez 5.9 D1 5.51 D1
6 - Vaca 3.32 D1 2.9 D1
whole facade
central whole facade
EC8 - FajfarNCSE02 - Fajfar
typologymechanism
tower
transept
typical transept
upper facade with r.w.
upper facade with r.w.
upper facade (no r.w.)
upper facade (no r.w.)
 
Table 7.3.1: Obtained results for Mallorca Cathedral 
 
Studying the sub structures and analysing the obtained value, it is possible to state that 
Mallorca Cathedral is substantial safe under seismic action and present a moderate 
damages only for the transversal action applied on the structure (mechanism 6 studied 
considering  Martinez Phd thesis and Vaca Phd thesis). 
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7.4.  Final remarks 
 
About the seismic design codes 
 
Three churches have been studied using C.S.M. applying EuroCode 8 and NCSE-02 
(Spanish seismic code) in order to obtain the seismic demand on the structures. 
The procedure shows two possible results, in terms of safety level and damages level on 
the structure when horizontal actions will be considered. 
The main difference between the results are in term of safety level, because the seismic 
demand studied with previous mentioned design codes are different as it is possible to 
see from the graph depicted below, and already introduced in the chapter 3. 
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Figure 7.4.1: Comparison between the ADSR graphs using the EC8 and NCSE-02 using the PGA=0.04g 
 
Comparing two graphs, it is possible to state that the EuroCode 8 lead to an increase of 
the demand on the structures and for this reason, the gap between the capacity and the 
demand is less compared with the Spanish design code, obtaining a lower values of 
safety factor. 
Instead, the level of damages introduced for each mechanisms are very similar and in 
most of the cases, they are the same. 
 
About the results 
 
As shown in the chapters 4 and 5, it is possible to state that the structures object of 
study are substantial safe under seismic action applied on them. 
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It is possible to increase the safety level or reduce the possible damages due to seismic 
action, but taking into account the state of conservation of the structures and the costs 
to realize a proper strengthening system it is possible to consider useless their 
applications for Santa Maria del Mar and Mallorca Cathedral. 
Different condition appears for Santa Maria del Pi Church in which a level of damage 
D3 and low safety factors occurs in the upper part of principal façade. 
In this case, more accurate study can be carried out, considering numerical model and 
experimental campaign in the lab. 
 
About the method 
 
A lot of studies have been carried out on the Gothic ecclesiastic structures in Barcelona 
considering the application of C.S.M. and the numerical simulations by F.E.M. 
At the end of the present dissertation work it is possible to state that using limit analysis 
and C.S.M. reasonable results can be obtained, as well as the results obtained using 
more complex modelling, but reducing significantly the time necessary to elaborate it. 
Thus, in short time it is possible to have a realistic idea about the seismic behaviour of 
the structure object of the study by means of safety factor and level of damages. 
At the current state of the art more can be done in order to improve this method, having 
more awareness of the obtained results. 
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ANNEX A: COLLAPSE MECHANISMS OF THE CHURCHES – (Italian guide 
line for evaluation and reduction of the seismic risk of the cultural heritage - 2006) 
 
 
Façade over turning Overturning of the upper part of the 
façade 
 
 
 
Façade: In plane mechanism  Principal façade: mechanisms 
 
 
 
Transversal response of the lateral 
façade  
Shear mechanism cause of longitudinal 
actions 
 
 
 
Longitudinal response on the columned  Dome of the central nave 
 
 
 
Dome of the central nave  Overturning of the extreme façade 
 
Application of Capacity Spectrum Method to medieval constructions: ANNEX A 
 Annex A- 2 - 
 
 
 
Shear mechanism in the extreme façade Mechanism in the transept 
 
  
Triumphal arches Dome and dome cladding 
 
 
 
Upper part of the tower  Apse over turning 
 
 
 
Shear mechanism in the apse  Dome of the apse 
 
 
 
Roofing system  Roofing system: transept 
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Roofing system: apse Chapel overturning  
 
 
 
Mechanism in the chapel Voults in the chapel 
 
 
 
Interaction due to irregularity in 
elevation  
Mechanisms in the pinnacles or statue  
 
 
 
Mechanism in the tower Upper part of the tower 
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ANNEX B: EVALUATION OF CAPACITY CURVE  
 
 
In the chapter 3, the Capacity Spectrum Method (C.S.M.) has been introduced and all 
the steps and formulations have been described in order to have clear the meaning of 
this simplify analysis of the structures. 
In the present Annex B the results obtained using the Limit Analysis procedure will be 
reported for all the structures object of study. 
In the following paragraphs different macro-elements for each structures will be 
introduced and  the evaluation of the capacity curve will be presented. 
 
 
1.   Santa Maria del Pi 
 
All the considered mechanisms are reported in the next table in which the name of 
mechanism and a brief description are reported. 
 
mechanism
1
2
3
3 mode
4
4 mode
5
6
7
8
9
10
11
12
out of plane rotation of one part of the apse
out of plane rotation of one part of the apse
out of plane rotation of one part of the apse
out of plane rotation of one part of the apse
out of plane rotation of the whole pricipal  façade
in plane motion of the transept under trasversal horizontal load
in plane motion of the upper part of the principal façade
in plane motion of the whole principal façade
apse 2
apse 3
apse 4
description of mechanisms
out of plane rotation of the whole tower
out of plane rotation of the upper part of the tower
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
transept
in-plane upper facade
in-plane whole facade
apse 1
upper facade (no r.w.)
upper facade (with r.w.)
upper facade (with r.w.)
whole facade
upper facade (no r.w.)
upper tower
typology
total tower
 
Table B-1: All the mechanisms studied on the S.Maria del Pi church 
 
In the following pictures the different mechanisms already reported in the table above, 
will be introduced with them capacity curves. 
The capacity curve, in fact, depend on the considered mechanism, its geometry and the 
applied loads and for that reason can be described without mentioning the design rules. 
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Mechanism 1: tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure B-1: Mechanism 1 studied on the S.Maria del Pi church 
 
Application of Principal of Virtual Work 
 
From the equivalence between the stabilizing and destabilizing moment, it is possible to 
reach the seismic coefficient value for the studied mechanism as reported below: 
 
P1 60.3 L1 3.525
P2 372.3 L2 2.75
Force (ton) distance (m)
  
P1 60.3 h1 26.685
P2 372.3 h2 11.95
Force (ton) distance (m)
 
Table B-2: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.204. 
 
Capacity curve (force-displacement) 
 
Using the following equation, already introduced in the chapter 3, it is possible to 
obtain the capacity curve, as depicted below: 
 






−⋅=
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k
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d
,
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Figure B-2: Capacity curve for the mechanism 1 
 
Spectral capacity curve (acceleration-displacement) 
 
The afore reported graph have to be changed in order to let it comparable with the 
ADSR graph. For that reason, it is necessary to produce a graph in which the 
acceleration are located on the vertical axis and the displacements on the horizontal axis. 
The new obtained graph that have to be used in the CSM application procedure, is the 
following: 
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Figure B-3: Spectral capacity curve for the mechanism 1 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 2: upper tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the tower. 
 
Figure B-4:  Mechanism 2 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
P1 60.3 L1 1.975
distance (m)Force (ton)
   
P1 60.3 h1 2.785
distance (m)Force (ton)
 
Table B-3: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.709. 
 
Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-5: Capacity curve for the mechanism 2 
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Spectral capacity curve 
spectral acceleration graph
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Figure B-6: Spectral capacity curve for the mechanism 2 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism 3: over turning upper part of façade 
 
In the following picture the mechanism has been represented considering the over 
turning of the upper part of the Principal façade. 
 
Figure B-7: Mechanism 3 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
P1 94.5 L1 0.375
distance (m)Force (ton)
 
P1 94.5 h1 2.813
distance (m)Force (ton)
   
Table B-4: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.133. 
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Capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-8: Capacity curve for the mechanism 3 
 
Spectral capacity curve  
 
 
 
 
 
 
 
 
 
 
Figure B-9: Spectral capacity curve for the mechanism 3 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 3 mode is the same of the mechanism 3, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason, two formulation introduced by the Spanish design rule have been used 
and have been reported in the follow: 
 
       
 
 
For that reason the principal façade has been divided in different blocks as shown in the 
following picture reported below: 
masses
4
3
2
1
  Figure B-10: Division into different masses 
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The obtained parameters are reported in the following table: 
 
element mode mode mode 
1 2 3
1 0.146 0.426 0.670
2 0.492 1.000 0.539
3 0.712 0.694 -0.729
4 0.995 -0.955 0.877
 
first vibration's mode
0
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using the Formulation 9, is possible to obtain the η coefficient that can be used in order 
to have a new seismic coefficient (Evaluation of reduction parameter). 
mode 1 mode 2 mode 3
1 0.199 0.209 0.529
2 0.669 0.490 0.426
3 0.967 0.340 -0.576
4 1.353 -0.468 0.692
= 1.59
element coefficient η
∑
=
=
3
1
2
4,4, i itot
ηη
 
 
 
The obtained seismic coefficient αη is equal to 0.0838. 
Using the following equation, already introduced in the previous chapter, it is possible 
to obtain the capacity curve, as depicted in the follow: 
 

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Figure B-11: Capacity curve for the mechanism 3 mode 
 
Spectral capacity curve (acceleration-displacement) 
 
 
 
 
 
 
 
 
 
 
Figure B-12: Spectral capacity curve for the mechanism 3 mode in which the accelerations are expressed 
in m/sec2 and displacements in m. 
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Mechanism 4: over turning upper part of façade 
 
In the following picture the mechanism has been represented considering the over 
turning of the upper part of the Principal façade, considering the rose window in the 
mechanism. 
 
Figure B-13: Mechanism 4 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
 
P1 277.8 L1 0.375
distance (m)Force (ton)
   
P1 277.8 h1 7.475
distance (m)Force (ton)
 
Table B-5: Parameters used to compute the stabilizing and destabilizing moment 
 
Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-14: Capacity curve for the mechanism 4 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
 
Figure B-15: Spectral capacity curve for the mechanism 4 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism 4 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The principal façade has been divided in different blocks as shown in the following 
picture reported below: 
masses
3
2
1
 
  Figure B-16: Division into different masses 
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The obtained parameters are reported in the following table: 
element mode mode mode 
1 2 3
1 0.146 0.426 0.670
2 0.492 1.000 0.539
3 0.914 -0.311 -0.497
 
first vibration's mode
0
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2
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u
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second vibration's mode
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third vibration's mode
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Evaluation of reduction parameter 
 
mode 1 mode 2 mode 3
1 0.193 0.294 0.227
2 0.648 0.690 0.183
3 1.204 -0.215 -0.169
= 1.23
element coefficient η
∑
=
=
3
1
2
4,4, i itot
ηη
 
 
 
 
 
The obtained seismic coefficient αη is equal to 0.0406. 
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Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-17: Capacity curve for the mechanism 4 mode 
 
Spectral capacity displacement  
 
 
 
 
 
 
 
 
 
 
Figure B-18: Spectral capacity curve for the mechanism 4 mode in which the accelerations are expressed 
in m/sec2 and displacements in m. 
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Mechanism 5: over turning of the central part of the  façade 
 
In the following picture the mechanism has been represented considering the over 
turning of the upper part of the Principal façade, considering the rose window in the 
mechanism. 
 
Figure B-19: Mechanism 5 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
  
P1 318.5 L1 1.025
P2 544.2 L2 0.7
Force (ton) distance (m)
  
P1 318.5 h1 20.975
P2 544.2 h2 6.75
distance (m)Force (ton)
 
Table B-6: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.0683. 
 
Capacity curve  
 
 
 
 
 
 
 
 
Figure B-20: Capacity curve for the mechanism 5 
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Spectral capacity curve  
 
 
 
 
 
 
 
 
 
Figure B-21: Spectral capacity curve for the mechanism 5 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
Mechanism 6: transversal seismic action 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
Figure B-22: Mechanism 6 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
    
Force (t) lvi (m) loi (m)
A 572.02 -1.02 9.88 α  = 0.135
B 124.39 -2.75 9.44
C 529.82 -2.32 17.19
0=⋅+⋅+⋅+⋅+⋅+⋅ oCoCoBoBoAoAvCvCvBvBvAvA lFlFlFlFlFlF
0=⋅⋅+⋅⋅+⋅⋅+⋅+⋅+⋅ oCvCoBvBoAvAvCvCvBvBvAvA lFlFlFlFlFlF ααα
 
Table B-7: Parameters used to compute the stabilizing and destabilizing moment 
The obtained seismic coefficient αo is equal to 0.135. 
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Spectral capacity curve  
 
 
 
 
 
 
 
 
 
Figure B-23: Spectral capacity curve for the mechanism 6 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism7: transversal seismic action of the principal façade 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
 
Figure B-24: Mechanism 7 studied on the S.Maria del Pi church 
 
From the equivalence between the stabilizing and destabilizing moment, it is possible to 
reach the seismic coefficient value for the studied mechanism as reported below: 
 
Force (t) λ xi (m) λ yi (m)
N 142.97 9.435 10 α  = 0.846
G 96.25 4.193 6.667
 
Table B-8: Parameters used to compute the stabilizing and destabilizing moment 
The obtained seismic coefficient αo is equal to 0.846. 
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Spectral capacity curve  
 
 
 
 
 
 
 
 
 
 
Figure B-25: Spectral capacity curve for the mechanism 7 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism8: transversal seismic action of the principal façade 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
From the equivalence between the stabilizing and destabilizing moment, it is possible to 
reach the seismic coefficient value for the studied mechanism as reported below: 
 
Force (t) λ xi (m) λ yi (m)
N 1017.18 8.7195 5.47 α  = 1.559
G 106.19 3.875 3.647
 
Table B-9: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 1.559. 
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Spectral capacity curve  
 
 
 
 
 
 
 
 
 
 
Figure B-26: Spectral capacity curve for the mechanism 8 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism 9: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
Figure B-27: Mechanism 9 studied on the S.Maria del Pi church 
 
From the equivalence between the stabilizing and destabilizing moment, it is possible to 
reach the seismic coefficient value for the studied mechanism as reported below: 
    
P1 4.8 L1 2.35
P2 146.3 L2 1.325
Force (ton) distance (m)
 
P1 4.8 h1 25.75
P2 146.3 h2 12
Force (ton) distance (m)
 
Table B-10: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.109. 
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Capacity curve
 
 
 
 
 
 
 
 
 
 
Figure B-28: Capacity curve for the mechanism 9 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-29: Spectral capacity curve for the mechanism 9 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
 
 
 
 
 
 
 
 
multipler value graph
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0 0.5 1 1.5 2 2.5 3 3.5
diplacements d,k
m
u
lti
pl
er
 
v
al
u
e
spectral acceleration graph
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
displacement d,k
sp
ec
tr
al
 
ac
ce
le
ra
tio
n
 
a
Application of Capacity Spectrum Method to medieval constructions: ANNEX B 
Annex B - 20  
Mechanism 10: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure B-30: Mechanism 10 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
     
P1 8.1 L1 2.7
P2 278.2 L2 1.5
Force (ton) distance (m)
 
P1 8.1 h1 25.75
P2 278.2 h2 12
Force (ton) distance (m)
 
Table B-11: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.124. 
 
Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-31: Capacity curve for the mechanism 10 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-32: Spectral capacity curve for the mechanism 10 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism 11: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure B-33: Mechanism 11 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
  
P1 8.5 L1 2.4
P2 260.8 L2 1.35
Force (ton) distance (m)
  
P1 8.5 h1 25.75
P2 260.8 h2 12
Force (ton) distance (m)
 
Table B-12: Parameters used to compute the stabilizing and destabilizing moment 
The obtained seismic coefficient αo is equal to 0.111. 
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Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-34: Capacity curve for the mechanism 11 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-35: Spectral capacity curve for the mechanism 11 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 12: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
 
 
 
 
 
 
 
Figure B-36: Mechanism 12 studied on the S.Maria del Pi church 
 
Application of principal of virtual works 
 
    
P1 8.7 L1 4.1
P2 437.2 L2 2.2
Force (ton) distance (m)
  
P1 8.7 h1 25.75
P2 437.2 h2 12
Force (ton) distance (m)
 
Table B-13: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.182. 
 
Capacity curve
 
 
 
 
 
 
 
 
 
 
Figure B-37: Capacity curve for the mechanism 12 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-38: Spectral capacity curve for the mechanism 12 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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2.     Santa Maria del Mar 
 
All the considered mechanisms are reported in the next table in which the name of 
mechanism and a brief description are reported. 
 
mechanism
1
2
2 mode
3
3 mode
4
5
6
7
8
9
10
11
12
12 mode
13
13 mode
14
14 mode
15
15 mode
total tower
central upper facade
central upper facade
mechanisms' description
out of plane rotation of the whole tower
out of plane rotation of the upper part of the principal façade
typology
transept 1st hypothesis
transept 2nd hypothesis
upper part facade
upper part facade
total facade
in-plane upper facade
second upper tower
first upper tower
first upper tower
second upper tower
second upper tower
in plane motion of the upper part of the principal façade
in plane motion of half part of the principal façade
in plane motion of the upper part of the principal façade
second upper tower
transept 3rd hypothesis
apse
first upper tower
first upper tower
in-plane facade-tower
in-plane half facade
in plane motion of the transept under trasversal horizontal load
out of plane rotation of one part of the apse
in plane motion of the transept under trasversal horizontal load
in plane motion of the transept under trasversal horizontal load
out of plane rotation of the first upper part of the tower
out of plane rotation of the first upper part of the tower
out of plane rotation of the first upper part of the tower
out of plane rotation of the first upper part of the tower
out of plane rotation of the second upper part of the tower
out of plane rotation of the second upper part of the tower
out of plane rotation of the second upper part of the tower
out of plane rotation of the second upper part of the tower
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the upper part of the principal façade
out of plane rotation of the whole pricipal  façade
 
Table B-14: All the mechanisms studied on the S.Maria del Mar church 
 
In the following pictures the different mechanisms already reported in the table above, 
will be introduced with them capacity curves. 
The capacity curve, in fact, depend on the considered mechanism, its geometry and the 
applied loads and for that reason can be described without mentioning the design rules. 
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Mechanism 1: tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure B-39: Mechanism 1 studied on the S.Maria del Pi church 
 
Application of Principal works 
 
  
P1 26.5 L1 2.325
P2 70.8 L2 2.325
P3 370.6 L3 2.325
Force (ton) distance (m)
  
Force (ton) distance (m)
P1 26.5 h1 42.4525
P2 70.8 h2 34.0425
P3 370.6 h3 14.29
 
Table B-15: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.123. 
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Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-40: Capacity curve for the mechanism 1 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-41: Spectral capacity curve for the mechanism 1 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 2: over turning of the upper part of façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the façade. 
 
Figure B-42: Mechanism 2 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
P1 72.6 L1 0.375
distance (m)Force (ton)
 
P1 72.6 h1 2.6465
distance (m)Force (ton)
     
Table B-16: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.142. 
 
Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-43: Capacity curve for the mechanism 2 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-44: Spectral capacity curve for the mechanism 2 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism 2 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 2 mode is the same of the mechanism 2, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason the principal façade has been divided in different blocks as shown in the 
following picture reported below: 
 
  Figure B-45: Division into different masses 
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The obtained parameters are reported in the following table: 
element mode mode mode 
1 2 3
1 0.142 0.414 0.653
2 0.512 0.999 0.437
3 0.797 0.365 -0.995
4 0.997 -0.972 0.923
 
first vibration's mode
0
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Evaluation of reduction factor 
mode 1 mode 2 mode 3
1 0.192 0.261 0.165
2 0.691 0.628 0.110
3 1.076 0.229 -0.252
4 1.345 -0.611 0.233
= 1.50
element coefficient η
∑
=
=
3
1
2
4,4, i itot
ηη
 
 
 
 
The obtained seismic coefficient αη is equal to 0.0406. 
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Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-46: Capacity curve for the mechanism 2 mode 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-47: Spectral capacity curve for the mechanism 2 mode in which the accelerations are expressed 
in m/sec2 and displacements in m. 
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Mechanism 3: over turning upper part of façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure B-48: Mechanism 3 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
  
P1 345.0 L1 0.5
distance (m)Force (ton)
  
P1 345.0 h1 5.62
distance (m)Force (ton)
 
Table B-17: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.089. 
 
Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-49: Capacity curve for the mechanism 3 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
 
Figure B-50: Spectral capacity curve for the mechanism 3 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 3 mode is the same of the mechanism 3, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason the principal façade has been divided in different blocks as shown in the 
following picture reported below: 
 
  Figure B-51: Division into different masses 
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The obtained parameters are reported in the following table: 
element mode mode mode 
1 2 3
1 0.142 0.414 0.653
2 0.512 0.999 0.437
3 0.797 0.365 -0.995
4 0.997 -0.972 0.923
 
first vibration's mode
0
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second vibration's mode
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
-2 -1 0 1 2
u
m
as
se
s
third vibration's mode
0
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Evaluation of reduction factor 
mode 1 mode 2 mode 3
1 0.192 0.242 0.267
2 0.692 0.584 0.179
3 1.076 0.213 -0.407
4 1.346 -0.568 0.377
= 1.51
element coefficient η
∑
=
=
3
1
2
4,4, i itot
ηη
 
 
 
 
The obtained seismic coefficient αη is equal to 0.059. 
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Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-52: Capacity curve for the mechanism 3 mode 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-53: Spectral capacity curve for the mechanism 3 mode in which the accelerations are expressed 
in m/sec2 and displacements in m. 
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Mechanism 4: Over turning of façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole principal façade, taking into account a rotation point in the base of the 
structure. 
 
Figure B-54: Mechanism 4 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
    
P1 779.9 L1 1.45
P2 740.9 L2 0.475
distance (m)Force (ton)
  
P1 779.9 h1 23.25
P2 740.9 h2 8.405
distance (m)Force (ton)
 
Table B-18: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.0624. 
 
Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-55: Capacity curve for the mechanism 4 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-56: Spectral capacity curve for the mechanism 4 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism 5: upper part tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the tower tower. 
 
Figure B-57: Mechanism 5 studied on the S.Maria del Pi church 
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Application of Principal of virtual works 
 
  
Force (t) λ xi (m) λ yi (m)
N 254.90 4.365 6.22 α  = 0.681
G 37.47 1.940 4.147
     
Table B-19: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.681. 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-58: Spectral capacity curve for the mechanism 5 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 6: tower rotation 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure B-59: Mechanism 6 studied on the S.Maria del Pi church 
 
Application of Principal works 
 
  
Force (t) λ xi (m) λ yi (m)
N 395.29 4.4475 6.22 α  = 0.701
G 38.18 1.977 4.147
     
Table B-20: Parameters used to compute the stabilizing and destabilizing moment 
The obtained seismic coefficient αo is equal to 0.701. 
 
Spectral Capacity curve 
 
 
 
 
 
 
 
 
Figure B-60: Spectral capacity curve for the mechanism 6 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 7: in plane mechanism of the principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
Figure B-61: Mechanism 7 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
  
Force (t) λ xi (m) λ yi (m)
N 809.13 8.655 5.83 α  = 1.458
G 69.63 3.847 3.887
     
Table B-21: Parameters used to compute the stabilizing and destabilizing moment 
The obtained seismic coefficient αo is equal to 1.458. 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
Figure B-62: Spectral capacity curve for the mechanism 7 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 8: transversal seismic action 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
Figure B-63: Mechanism 8 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
Force (t) lvi (m) loi (m)
A 277.49 -0.9563 6.273
B 34.27 -1.28705 13.5632
C 332.07 -0.17785 13.2106 α  = 0.088
D 33.27 0.065523 17.5647
E 236.40 -1.29953 8.73011
F 140.89 -0.41966 4.82527
G 474.01 -0.70515 4.63027
 
Table B- 22: Parameters used to compute the stabilizing and destabilizing moment 
The obtained seismic coefficient αo is equal to 0.088. 
 
Spectral Capacity curve 
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Figure B-64: Spectral capacity curve for the mechanism 8 in which the accelerations are expressed in 
m/sec2 and displacements in 
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Mechanism 9: transversal seismic action of the transept 
 
In the following picture the mechanism has been represented considering the 
transversal behaviour of the transept. 
 
 
 
 
 
 
 
Figure B-65: Mechanism 9 studied on the S.Maria del Pi church 
 
Application of Principal of virtual works 
 
Force (t) lvi (m) loi (m)
A 472.26 -0.94072 6.1716
B 23.53 -1.4571 13.0811
C 350.20 -0.18253 15.6427 α  = 0.102
D 36.85 -1.43214 20.9672
E 300.10 -1.1498 19.2793
F 55.22 -5.7707 31.507
G 477.15 -2.9501 19.0499
 
Table B-23: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.102. 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-66: Spectral capacity curve for the mechanism 9 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 10: transversal seismic action of the transept 
 
The mechanism 10 is the same reported in the mechanism 9 introduced in the previous 
page. 
 
Application of Principal of virtual works 
 
Force (t) lvi (m) loi (m)
A 119.02 -0.522 3.13
B 34.27 -0.477 4.85
C 332.07 -0.206 7.35 α  = 0.083
D 33.27 0.25 6.93
E 236.40 -0.49 6.03
F 140.89 -0.457 1.92
G 474.01 -0.34 1.78
 
Table B-24: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.083. 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-67: Spectral capacity curve for the mechanism 10 in which the accelerations are expressed in 
m/sec2 and displacements in m 
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Mechanism 11: Apse over turning 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure B-68: Mechanism 11 studied on the S.Maria del Mar church 
 
Application of Principal of virtual works 
 
P1 361.2 L1 2.35
distance (m)Force (ton)
   
P1 361.2 h1 14.85
distance (m)Force (ton)
 
Table B-25: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.158. 
 
Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-69: Capacity curve for the mechanism 11 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-70: Spectral capacity curve for the mechanism 11 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism 12: torsion on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure B-71: Mechanism 12 studied on the S.Maria del Mar church 
 
Application of Principal of virtual works    
Force (t) λ xi (m) λ yi (m)
N 6.81 0.4575 3.89 α  = 0.128
G 4.91 0.305 1.945
 
Table B-26: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.128. 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-72: Spectral capacity curve for the mechanism 12 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
Mechanism 12 Mode: torsion on the upper part of the tower 
 
The mechanism 12 mode is the same of the mechanism 12, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason the principal façade has been divided in different blocks as shown in the 
following picture reported below: 
 
  Figure B-73: Division into different masses 
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The obtained parameters are reported in the following table: 
mode mode mode 
1 2 3
1 0.097 0.286 0.465
2 0.286 0.764 0.993
3 0.465 0.993 0.663
4 0.626 0.896 -0.239
5 0.764 0.507 -0.935
6 0.898 -0.200 -0.653
7 0.971 -0.745 0.346
8 0.998 -0.979 0.942
element 
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Evaluation of reduction factor 
 
mode 1 mode 2 mode 3
1 0.128 0.160 0.188
2 0.380 0.428 0.402
3 0.617 0.556 0.268
4 0.831 0.502 -0.097
5 1.015 0.284 -0.378
6 1.192 -0.112 -0.264
7 1.288 -0.417 0.140
8 1.324 -0.548 0.381
= 1.48
coefficient η
element
∑
=
=
3
1
2
8,8, i itot
ηη
 
 
 
 
 
The obtained seismic coefficient αη is equal to 0.086. 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-74: Spectral capacity curve for the mechanism 12 mode in which the accelerations are 
expressed in m/sec2 and displacements in m. 
 
 
Mechanism 13: translation on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure B-75: Mechanism 13 studied on the S.Maria del Mar church 
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Application of Principal of virtual works 
    
Force (ton) distance (m)
P2 4.9 L1 0.45
N2 6.8 L4 0.45
 
Force (ton) distance (m)
P2 4.9 h2 1.945
N2 6.8 h4 3.9
 
Table B-27: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.14. 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
 
Figure B-76: Spectral capacity curve for the mechanism 13 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 13 Mode: translation  on the upper part of the tower 
 
The mechanism 12 mode is the same of the mechanism 12, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason the principal façade has been divided in different blocks as shown in the 
following picture reported below: 
 
  Figure B-77: Division into different masses 
 
The obtained parameters are reported in the following table: 
mode mode mode 
1 2 3
1 0.097 0.286 0.465
2 0.286 0.764 0.993
3 0.465 0.993 0.663
4 0.626 0.896 -0.239
5 0.764 0.507 -0.935
6 0.898 -0.200 -0.653
7 0.971 -0.745 0.346
8 0.998 -0.979 0.942
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Evaluation of reduction factor 
 
mode 1 mode 2 mode 3
1 0.128 0.160 0.188
2 0.380 0.428 0.402
3 0.617 0.556 0.268
4 0.831 0.502 -0.097
5 1.015 0.284 -0.378
6 1.192 -0.112 -0.264
7 1.288 -0.417 0.140
8 1.324 -0.548 0.381
= 1.48
coefficient η
element
∑
=
=
3
1
2
8,8, i itot
ηη
 
 
 
 
 
The obtained seismic coefficient αη is equal to 0.086. 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-78: Spectral capacity curve for the mechanism 13 mode in which the accelerations are 
expressed in m/sec2 and displacements in m. 
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Mechanism 14: torsion on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure B-79: Mechanism 14 studied on the S.Maria del Mar church 
 
Application of capacity curve 
    
Force (t) λ xi (m) λ yi (m)
N 22.45 0.5185 4.68 α  = 0.115
G 11.49 0.305 2.340
 
Table B-28: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.115. 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
Figure B-80: Spectral capacity curve for the mechanism 14 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 14 Mode: torsion on the upper part of the tower 
 
The mechanism 12 mode is the same of the mechanism 12, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason the principal façade has been divided in different blocks as shown in the 
following picture reported below: 
 
Figure B-81: Division into different masses 
 
The obtained parameters are reported in the following table: 
mode mode mode 
1 2 3
1 0.097 0.286 0.465
2 0.286 0.764 0.993
3 0.465 0.993 0.663
4 0.626 0.896 -0.239
5 0.764 0.507 -0.935
6 0.898 -0.200 -0.653
7 0.971 -0.745 0.346
8 0.998 -0.979 0.942
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Evaluation of reduction factor 
 
mode 1 mode 2 mode 3
1 0.128 0.160 0.188
2 0.380 0.428 0.402
3 0.617 0.556 0.268
4 0.831 0.502 -0.097
5 1.015 0.284 -0.378
6 1.192 -0.112 -0.264
7 1.288 -0.417 0.140
8 1.324 -0.548 0.381
= 1.4
element coefficient η
∑
=
=
3
1
2
7,7, i itot
ηη
 
 
 
 
The obtained seismic coefficient αη is equal to 0.084. 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-82: Spectral capacity curve for the mechanism 14 mode in which the accelerations are 
expressed in m/sec2 and displacements in m. 
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Mechanism 15: translation on the upper part of the tower 
 
In the following picture the mechanism has been represented considering the over 
turning of one part of the apse. 
 
Figure B-83: Mechanism 15 studied on the S.Maria del Mar church 
 
Application of Principal of virtual works 
    
Force (ton) distance (m)
P2 5.9 L1 0.45
N2 22.5 L4 0.45
  
Force (ton) distance (m)
P2 5.9 h2 2.34
N2 22.5 h4 4.7
 
Table B-29: Parameters used to compute the stabilizing and destabilizing moment 
The obtained seismic coefficient αo is equal to 0.11. 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-84: Spectral capacity curve for the mechanism 15 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 15 Mode: translation on the upper part of the tower 
 
The mechanism 12 mode is the same of the mechanism 12, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason the principal façade has been divided in different blocks as shown in the 
following picture reported below: 
 
  Figure B-85: Division into different masses 
 
The obtained parameters are reported in the following table: 
mode mode mode 
1 2 3
1 0.097 0.286 0.465
2 0.286 0.764 0.993
3 0.465 0.993 0.663
4 0.626 0.896 -0.239
5 0.764 0.507 -0.935
6 0.898 -0.200 -0.653
7 0.971 -0.745 0.346
8 0.998 -0.979 0.942
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Evaluation of reduction factor 
 
mode 1 mode 2 mode 3
1 0.128 0.160 0.188
2 0.380 0.428 0.402
3 0.617 0.556 0.268
4 0.831 0.502 -0.097
5 1.015 0.284 -0.378
6 1.192 -0.112 -0.264
7 1.288 -0.417 0.140
8 1.324 -0.548 0.381
= 1.4
element coefficient η
∑
=
=
3
1
2
8,8, i itot
ηη
 
 
 
 
The obtained seismic coefficient αη is equal to 0.08. 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-86: Spectral capacity curve for the mechanism 15 mode in which the accelerations are 
expressed in m/sec2 and displacements in m. 
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  3.     Mallorca Cathedral 
 
All the considered mechanisms are reported in the next table in which the name of 
mechanism and a brief description are reported. 
 
S.F. Damage level S.F. Damage level S.F. Damage level
1 8.68 D0 8.16 D0 14.3 D0
2 7.58 D0 7.38 D0 11.8 D0
3 5.86 D0 5.77 D0 10.1 D0
3 mode 5.86 D0 5.01 D0 8.63 D0
4 7.06 D0 7.3 D0 12.8 D0
4 mode 5.88 D0 5.54 D0 10.5 D0
5 6 D0 5.58 D0 9.45 D0
6 - Martinez 5.9 D1 5.51 D1 9.39 D0
6 - Vaca 3.32 D1 2.9 D1 11.3 D1
tower
transept
typical transept
upper facade with r.w.
upper facade with r.w.
upper facade (no r.w.)
upper facade (no r.w.)
whole facade
central whole facade
EC8 - FajfarNCSE02 - Fajfar EC8 - q factor
typologymechanism
 
Table B-30: All the mechanisms studied on the Mallorca Cathedral 
 
In the following pictures the different mechanisms already reported in the table above, 
will be introduced with them capacity curves. 
The capacity curve, in fact, depend on the considered mechanism, its geometry and the 
applied loads and for that reason can be described without mentioning the design rules. 
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Mechanism 1: over turning whole principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole principal façade, taking into account a rotation point in the base of the 
structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-87: Mechanism 1 studied on the Mallorca Cathedral 
 
Application of Principal of virtual works 
    
Force (ton) distance (m)
P1 754.9 L1 1.075
P2 9156.1 L2 5.15
N1 342.1 L3 1.075
N2 183.3 L4 5.15
 
P1 754.9 h1 19
P2 9156.1 h2 16.225
N1 342.1 h3 38.0
N2 183.3 h4 32.5
distance (m)Force (ton)
 
Table B-31: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.271. 
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Capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-88: Capacity curve for the mechanism 1 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-89: Spectral capacity curve for the mechanism 1 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 2: over turning of the central part of principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the central part of the façade. 
 
 
 
 
 
 
 
 
Figure B-90: Mechanism 2 studied on the Mallorca Cathedral 
 
Application of Principal of virtual works 
 
Force (ton) distance (m)
P1 1728.3 L1 1.075
P2 3151.6 L2 5.15
N1 684.2 L3 1.075
N2 95.5 L4 5.15
 
P1 1728.3 h1 21.75
P2 3151.6 h2 21.75
N1 684.2 h3 43.5
N2 95.5 h4 43.5
distance (m)Force (ton)
     
Table B-32: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.138. 
 
Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-91: Capacity curve for the mechanism 2 
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Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-92: Spectral capacity curve for the mechanism 2 in which the accelerations are expressed in 
m/sec2 and displacements in m 
 
 
Mechanism 3: over turning of the upper part of principal façade 
 
In the following picture the mechanism has been represented considering the rotation of 
the central part of the façade. 
 
 
 
 
 
 
 
 
 
Figure B-93: Mechanism 3 studied on the Mallorca Cathedral 
 
Application of Principal of virtual works 
P1 2188.0 L1 3
N1 95.5 L2 0.6
distance (m)Force (ton)
  
P1 2188.0 h1 11.325
N1 95.5 h2 22.65
distance (m)Force (ton)
     
Table B-33: Parameters used to compute the stabilizing and destabilizing moment 
The obtained seismic coefficient αo is equal to 0.246. 
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Capacity curve
 
 
 
 
 
 
 
 
 
 
Figure B-94: Capacity curve for the mechanism 3 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-95: Spectral capacity curve for the mechanism 3 in which the accelerations are expressed in 
m/sec2 and displacements in m 
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Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
The mechanism 3 mode is the same of the mechanism 3, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason the principal façade has been divided in different blocks as shown in the 
following picture reported below: 
masses
3
2
1
 
  Figure B-96: Division into different masses 
 
The obtained parameters are reported in the following table: 
element mode mode mode 
1 2 3
1 0.125 0.367 0.587
2 0.481 0.998 0.592
3 0.931 -0.435 -0.292
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Evaluation of reduction factor 
mode 1 mode 2 mode 3
1 0.153 0.092 0.251
2 0.589 0.249 0.254
3 1.140 -0.109 -0.125
= 1.15
element coefficient η
∑
=
=
3
1
2
4,4, i itot
ηη
 
 
 
 
The obtained seismic coefficient αη is equal to 0.213. 
 
Capacity curve
 
 
 
 
 
 
 
 
 
 
Figure B-97: Capacity curve for the mechanism 3 mode 
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Spectral capacity curve 
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Figure B-98: Spectral capacity curve for the mechanism 3 mode in which the accelerations are expressed 
in m/sec2 and displacements in m. 
 
Mechanism 4: over turning of the upper part of principal façade without rose window 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
 
 
 
 
 
 
Figure B-99: Mechanism 4 studied on the Mallorca cathedral 
 
Application of Principal of virtual works 
 
P1 552.0 L1 3
N1 95.5 L2 0.6
distance (m)Force (ton)
  
P1 552.0 h1 7.6
N1 95.5 h2 9.5
distance (m)Force (ton)
     
Table B-34: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.336. 
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Capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-100: Capacity curve for the mechanism 4 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-101: Spectral capacity curve for the mechanism 4 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 4 Mode: over turning upper part of façade without rose window taking into 
account all the façade structure 
 
The mechanism 4 mode is the same of the mechanism 4, but taking into account the 
whole principal façade that may influence the structural behaviour of the upper part. 
For that reason the principal façade has been divided in different blocks as shown in the 
following picture reported below: 
masses
4
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Figure B-102: Division into different masses 
 
The obtained parameters are reported in the following table: 
element mode mode mode 
1 2 3
1 0.125 0.367 0.587
2 0.481 0.998 0.592
3 0.761 0.521 -0.925
4 1.000 -0.999 0.998
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Evaluation of reduction factor 
mode 1 mode 2 mode 3
1 0.169 0.202 0.233
2 0.650 0.549 0.235
3 1.027 0.287 -0.367
4 1.351 -0.550 0.396
= 1.51
element coefficient η
∑
=
=
3
1
2
4,4, i itot
ηη
 
 
 
The obtained seismic coefficient αη is equal to 0.222. 
 
Capacity curve 
 
 
 
 
 
 
 
 
Figure B-103: Capacity curve for the mechanism 4 mode 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-104: Spectral capacity curve for the mechanism 4 mode in which the accelerations are 
expressed in m/sec2 and displacements in  
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Mechanism 5: Over turning of whole tower 
 
In the following picture the mechanism has been represented considering the rotation of 
the whole tower, taking into account a rotation point in the base of the structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-105: Mechanism 5 studied on the Mallorca Cathedral 
 
Application of Principal of virtual works 
 
 
P1 1273.3 L1 3
N1 137.5 L2 3
distance (m)Force (ton)
   
P1 1273.3 h1 16.325
N1 137.5 h2 32.65
distance (m)Force (ton)
 
Table B-35: Parameters used to compute the stabilizing and destabilizing moment 
 
The obtained seismic coefficient αo is equal to 0.167. 
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Capacity curve
 
 
 
 
 
 
 
 
 
 
Figure B-106: Capacity curve for the mechanism 5  
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
Figure B-107: Spectral capacity curve for the mechanism 5 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 6-1: transversal action on the transept 
 
In the following picture the mechanism has been represented considering the rotation of 
the upper part of the tower. The mechanism and the capacity curve have been 
considered from the Phd thesis of Martinez (work has been put on the references). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-108: Mechanism 6-1 studied on the Mallorca Cathedral 
 
Spectral capacity curve 
 
 
 
 
 
 
 
 
 
 
Figure B-109: Spectral capacity curve for the mechanism 6-1 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
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Mechanism 6-2: transversal action on the transept 
 
The same mechanism has been studied by Vaca and his Phd thesis work has been put in 
the references. 
The capacity curve has been obtained using the limit analysis as it is possible to see 
from the Figure reported in the following: 
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Figure B-110: Spectral capacity curve for the mechanism 6-2 in which the accelerations are expressed in 
m/sec2 and displacements in m. 
 
 
 
 
Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 1 
 
ANNEX C: RESULTS OBTAINED USING THE C.S.M.  
 
 
Using the graphs depicted in the chapters 3 and 4, and taking into account the 
procedure described in the paragraph 3.9, it is possible to establish the safety level of 
the churches and their level of damages, under seismic action. 
In the following, two paragraphs will be introduced; the first one considering the 
seismic actions evaluated using the EuroCode 8 and the second one considering the 
seismic actions through the Spanish design code, NCSE-02. 
The procedure will be applied for each churches’ mechanisms, already introduced in 
the text. 
In the Annex D of the present work, all the procedure has been applied for two different 
mechanisms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 2 
 
EuroCode 8: Fajfar method 
 
Santa Maria del Pi 
 
Mechanism 1: tower rotation 
 
In the following picture, the demand point and the capacity point of the macro-element, 
has been reported and the values have been introduced in the next Table 39. 
 
 
 
 
 
 
 
 
 
 
 
Figure C-1: Demand and Capacity curves for mechanism 1 of Santa Maria del Pi church 
 
capacity displacement of the structure du*  =  1.143 m
demand displacement of the seismic zone dd*  =  0.164 m
SF  = 6.97safety factor = ultimate disp./demand disp.
 
Table C-1: Values of capacity and demand displacements and safety factor 
 
Applying Lagomarsino’s classification, the following Table 40 allows to know the 
possible selected macro-element damage level under seismic actions. 
Sd = 0.16 m label
0.7 Sdy = 0.32 m D0 TRUE no damage
Sdy = 0.46 m D1 FALSE
0.25 Sdu = 0.71 m D2 FALSE
0.5 Sdu = 1.43 m D3 FALSE
Sdu = 2.86 m D4 FALSE
Analyses results
 
Table C-2: Level of damage for mechanism 1 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 3 
 
Mechanism 2: upper tower rotation 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-2: Demand and Capacity curves for mechanism 2 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.790 m
demand displacement of the seismic zone dd*  =  0.077 m
VF  = 10.33safety factor = ultimate disp./demand disp.
 
Table C-3: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.08 m label
0.7 Sdy = 0.22 m D0 TRUE no damage
Sdy = 0.32 m D1 FALSE
0.25 Sdu = 0.49 m D2 FALSE
0.5 Sdu = 0.99 m D3 FALSE
Sdu = 1.98 m D4 FALSE
Analyses results
 
Table C-4: Level of damage for mechanism 2 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 3: over turning upper part of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-3: Demand and Capacity curves for mechanism 3 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.057 m
VF  = 2.63safety factor = ultimate disp./demand disp.
 
Table C-5: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.06 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 TRUE lighly damage
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.19 m D3 FALSE
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-6: Level of damage for mechanism 3 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-4: Demand and Capacity curves for mechanism 3 mode of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.089 m
VF  = 1.69safety factor = ultimate disp./demand disp.
 
Table C-7: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.09 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 TRUE moderate damage
0.5 Sdu = 0.19 m D3 FALSE
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-8: Level of damage for mechanism 3 mode of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 4: over turning upper part of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-5: Demand and Capacity curves for mechanism 4 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.116 m
VF  = 1.29safety factor = ultimate disp./demand disp.
 
Table C-9: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.12 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.19 m D3 TRUE extensive and severe damage
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-10: Level of damage for mechanism 4 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 4 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-6: Demand and Capacity curves for mechanism 4 mode of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.126 m
VF  = 1.19safety factor = ultimate disp./demand disp.
 
Table C-11: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.13 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.19 m D3 TRUE extensive and severe damage
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-12: Level of damage for mechanism 4 mode of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 8 
 
Mechanism 5: over turning of the central part of the  façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-7: Demand and Capacity curves for mechanism 5 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.328 m
demand displacement of the seismic zone dd*  =  0.129 m
VF  = 2.54safety factor = ultimate disp./demand disp.
 
Table C-13: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.13 m label
0.7 Sdy = 0.09 m D0 FALSE
Sdy = 0.13 m D1 TRUE moderate damage
0.25 Sdu = 0.20 m D2 FALSE
0.5 Sdu = 0.41 m D3 FALSE
Sdu = 0.82 m D4 FALSE
Analyses results
 
Table C-14: Level of damage for mechanism 5 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 6: transversal seismic action 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-8: Demand and Capacity curves for mechanism 6 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.693 m
demand displacement of the seismic zone dd*  =  0.157 m
VF  = 4.42safety factor = ultimate disp./demand disp.
 
Table C-15: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.16 m label
0.7 Sdy = 0.19 m D0 TRUE no damage
Sdy = 0.28 m D1 FALSE
0.25 Sdu = 0.43 m D2 FALSE
0.5 Sdu = 0.87 m D3 FALSE
Sdu = 1.73 m D4 FALSE
Analyses results
 
Table C-16: Level of damage for mechanism 6 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism7: transversal seismic action of the principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-9: Demand and Capacity curves for mechanism 7 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  1.875 m
demand displacement of the seismic zone dd*  =  0.145 m
VF  = 12.93safety factor = ultimate disp./demand disp.
 
Table C-17: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.15 m label
0.7 Sdy = 0.53 m D0 TRUE no damage
Sdy = 0.75 m D1 FALSE
0.25 Sdu = 1.17 m D2 FALSE
0.5 Sdu = 2.34 m D3 FALSE
Sdu = 4.69 m D4 FALSE
Analyses results
 
Table C-18: Level of damage for mechanism 7 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism8: transversal seismic action of the principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-10: Demand and Capacity curves for mechanism 8 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  1.787 m
demand displacement of the seismic zone dd*  =  0.145 m
VF  = 12.32safety factor = ultimate disp./demand disp.
 
Table C-19: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.15 m label
0.7 Sdy = 0.50 m D0 TRUE no damage
Sdy = 0.72 m D1 FALSE
0.25 Sdu = 1.12 m D2 FALSE
0.5 Sdu = 2.23 m D3 FALSE
Sdu = 4.47 m D4 FALSE
Analyses results
 
Table C-20: Level of damage for mechanism 8 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 9: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-11: Demand and Capacity curves for mechanism 9 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.543 m
demand displacement of the seismic zone dd*  =  0.151 m
VF  = 3.60safety factor = ultimate disp./demand disp.
 
Table C-21: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.15 m label
0.7 Sdy = 0.15 m D0 TRUE no damage
Sdy = 0.22 m D1 FALSE
0.25 Sdu = 0.34 m D2 FALSE
0.5 Sdu = 0.68 m D3 FALSE
Sdu = 1.36 m D4 FALSE
Analyses results
 
Table C-22: Level of damage for mechanism 9 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 10: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-12: Demand and Capacity curves for mechanism 10 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.614 m
demand displacement of the seismic zone dd*  =  0.151 m
VF  = 4.06safety factor = ultimate disp./demand disp.
 
Table C-23: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.15 m label
0.7 Sdy = 0.17 m D0 TRUE no damage
Sdy = 0.25 m D1 FALSE
0.25 Sdu = 0.38 m D2 FALSE
0.5 Sdu = 0.77 m D3 FALSE
Sdu = 1.53 m D4 FALSE
Analyses results
 
Table C-24: Level of damage for mechanism 10 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 11: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-13: Demand and Capacity curves for mechanism 11 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.553 m
demand displacement of the seismic zone dd*  =  0.148 m
VF  = 3.74safety factor = ultimate disp./demand disp.
 
Table C-25: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.15 m label
0.7 Sdy = 0.15 m D0 TRUE no damage
Sdy = 0.22 m D1 FALSE
0.25 Sdu = 0.35 m D2 FALSE
0.5 Sdu = 0.69 m D3 FALSE
Sdu = 1.38 m D4 FALSE
Analyses results
 
Table C-26: Level of damage for mechanism 11 of the Santa Maria del Pi church 
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Mechanism 12: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-14: Demand and Capacity curves for mechanism 12 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.895 m
demand displacement of the seismic zone dd*  =  0.164 m
VF  = 5.46safety factor = ultimate disp./demand disp.
 
Table C-27: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.16 m label
0.7 Sdy = 0.25 m D0 TRUE no damage
Sdy = 0.36 m D1 FALSE
0.25 Sdu = 0.56 m D2 FALSE
0.5 Sdu = 1.12 m D3 FALSE
Sdu = 2.24 m D4 FALSE
Analyses results
 
Table C-28: Level of damage for mechanism 12 of the Santa Maria del Pi church 
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Santa Maria del Mar 
 
Mechanism 1: tower rotation 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-15: Demand and Capacity curves for mechanism 1 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.930 m
demand displacement of the seismic zone dd*  =  0.165 m
VF  = 5.64safety factor = ultimate disp./demand disp.
 
Table C-29: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.17 m label
0.7 Sdy = 0.26 m D0 TRUE no damage
Sdy = 0.37 m D1 FALSE
0.25 Sdu = 0.58 m D2 FALSE
0.5 Sdu = 1.16 m D3 FALSE
Sdu = 2.33 m D4 FALSE
Analyses results
 
Table C-30: Level of damage for mechanism 1 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 2: over turning of the upper part of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-16: Demand and Capacity curves for mechanism 2 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.056 m
VF  = 2.68safety factor = ultimate disp./demand disp.
 
Table C-31: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.06 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 TRUE lighly damage
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.19 m D3 FALSE
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-32: Level of damage for mechanism 2 of the Santa Maria del Mar church 
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Mechanism 2 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-17: Demand and Capacity curves for mechanism 2 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.080 m
VF  = 1.88safety factor = ultimate disp./demand disp.
 
Table C-33: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.08 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 TRUE moderate damage
0.5 Sdu = 0.19 m D3 FALSE
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-34: Level of damage for mechanism 2 mode of the Santa Maria del Mar church 
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Mechanism 3: over turning upper part of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-18: Demand and Capacity curves for mechanism 3 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.200 m
demand displacement of the seismic zone dd*  =  0.100 m
VF  = 2.00safety factor = ultimate disp./demand disp.
 
Table C-35: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.10 m label
0.7 Sdy = 0.06 m D0 FALSE
Sdy = 0.08 m D1 FALSE
0.25 Sdu = 0.13 m D2 TRUE moderate damage
0.5 Sdu = 0.25 m D3 FALSE
Sdu = 0.50 m D4 FALSE
Analyses results
 
Table C-36: Level of damage for mechanism 3 of the Santa Maria del Mar church 
 
 
 
 
demand capacity curve
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
0 0.1 0.2 0.3 0.4 0.5 0.6
displacements
s
pe
c
tr
a
l a
c
c
e
le
ra
tio
n
capacity curve T*s line demand curve
demand capacity
Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 20 
 
Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-19: Demand and Capacity curves for mechanism 3 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.200 m
demand displacement of the seismic zone dd*  =  0.125 m
VF  = 1.60safety factor = ultimate disp./demand disp.
 
Table C-37: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.13 m label
0.7 Sdy = 0.06 m D0 FALSE
Sdy = 0.08 m D1 FALSE
0.25 Sdu = 0.13 m D2 TRUE moderate damage
0.5 Sdu = 0.25 m D3 FALSE
Sdu = 0.50 m D4 FALSE
Analyses results
 
Table C-38: Level of damage for mechanism 3 mode of the Santa Maria del Mar church 
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Mechanism 4: Over turning of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-20: Demand and Capacity curves for mechanism 4 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.566 m
demand displacement of the seismic zone dd*  =  0.153 m
VF  = 3.70safety factor = ultimate disp./demand disp.
 
Table C-39: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.15 m label
0.7 Sdy = 0.16 m D0 TRUE no damage
Sdy = 0.23 m D1 FALSE
0.25 Sdu = 0.35 m D2 FALSE
0.5 Sdu = 0.71 m D3 FALSE
Sdu = 1.42 m D4 FALSE
Analyses results
 
Table C-40: Level of damage for mechanism 4 of the Santa Maria del Mar church 
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Mechanism 5: upper part tower rotation 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-21: Demand and Capacity curves for mechanism 5 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.530 m
demand displacement of the seismic zone dd*  =  0.050 m
VF  = 10.61safety factor = ultimate disp./demand disp.
 
Table C-41: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.05 m label
0.7 Sdy = 0.15 m D0 TRUE no damage
Sdy = 0.21 m D1 FALSE
0.25 Sdu = 0.33 m D2 FALSE
0.5 Sdu = 0.66 m D3 FALSE
Sdu = 1.33 m D4 FALSE
Analyses results
 
Table C-42: Level of damage for mechanism 5 of the Santa Maria del Mar church 
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Mechanism 6: tower rotation 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-22: Demand and Capacity curves for mechanism 6 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.397 m
demand displacement of the seismic zone dd*  =  0.040 m
VF  = 9.93safety factor = ultimate disp./demand disp.
 
Table C-43: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.04000 m label
0.7 Sdy = 0.11 m D0 TRUE no damage
Sdy = 0.16 m D1 FALSE
0.25 Sdu = 0.25 m D2 FALSE
0.5 Sdu = 0.50 m D3 FALSE
Sdu = 0.99 m D4 FALSE
Analyses results
 
Table C-44: Level of damage for mechanism 6 of the Santa Maria del Mar church 
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Mechanism 7: in plane mechanism of the principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-23: Demand and Capacity curves for mechanism 7 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.950 m
demand displacement of the seismic zone dd*  =  0.060 m
VF  = 15.83safety factor = ultimate disp./demand disp.
 
Table C-45: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.06 m label
0.7 Sdy = 0.27 m D0 TRUE no damage
Sdy = 0.38 m D1 FALSE
0.25 Sdu = 0.59 m D2 FALSE
0.5 Sdu = 1.19 m D3 FALSE
Sdu = 2.37 m D4 FALSE
Analyses results
 
Table C-46: Level of damage for mechanism 7 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 25 
 
Mechanism 8: transversal seismic action 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-24: Demand and Capacity curves for mechanism 8 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.846 m
demand displacement of the seismic zone dd*  =  0.202 m
VF  = 4.19safety factor = ultimate disp./demand disp.
 
Table C-47: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.20 m label
0.7 Sdy = 0.24 m D0 TRUE no damage
Sdy = 0.34 m D1 FALSE
0.25 Sdu = 0.53 m D2 FALSE
0.5 Sdu = 1.06 m D3 FALSE
Sdu = 2.11 m D4 FALSE
Analyses results
 
Table C-48: Level of damage for mechanism 8 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 26 
 
Mechanism 9: transversal seismic action of the transept 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-25: Demand and Capacity curves for mechanism 9 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  1.257 m
demand displacement of the seismic zone dd*  =  0.254 m
VF  = 4.95safety factor = ultimate disp./demand disp.
 
Table C-49: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.25 m label
0.7 Sdy = 0.35 m D0 TRUE no damage
Sdy = 0.50 m D1 FALSE
0.25 Sdu = 0.79 m D2 FALSE
0.5 Sdu = 1.57 m D3 FALSE
Sdu = 3.14 m D4 FALSE
Analyses results
 
Table C-50: Level of damage for mechanism 9 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 27 
 
Mechanism 10: transversal seismic action of the transept 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-26: Demand and Capacity curves for mechanism 10 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  1.118 m
demand displacement of the seismic zone dd*  =  0.225 m
VF  = 4.97safety factor = ultimate disp./demand disp.
 
Table C-51: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.23 m label
0.7 Sdy = 0.31 m D0 TRUE no damage
Sdy = 0.45 m D1 FALSE
0.25 Sdu = 0.70 m D2 FALSE
0.5 Sdu = 1.40 m D3 FALSE
Sdu = 2.79 m D4 FALSE
Analyses results
 
Table C-52: Level of damage for mechanism 10 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 28 
 
Mechanism 11: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-27: Demand and Capacity curves for mechanism 11 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.940 m
demand displacement of the seismic zone dd*  =  0.178 m
VF  = 5.28safety factor = ultimate disp./demand disp.
 
Table C-53: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.18 m label
0.7 Sdy = 0.26 m D0 TRUE no damage
Sdy = 0.38 m D1 FALSE
0.25 Sdu = 0.59 m D2 FALSE
0.5 Sdu = 1.18 m D3 FALSE
Sdu = 2.35 m D4 FALSE
Analyses results
 
Table C-54: Level of damage for mechanism 11 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 29 
 
Mechanism 12: torsion on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-28: Demand and Capacity curves for mechanism 12 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.139 m
demand displacement of the seismic zone dd*  =  0.054 m
VF  = 2.57safety factor = ultimatedisp./demand disp.
 
Table C-55: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.05 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 TRUE lighly damage
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.17 m D3 FALSE
Sdu = 0.35 m D4 FALSE
Analyses results
 
Table C-56: Level of damage for mechanism 12 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 30 
 
Mechanism 12 Mode: torsion on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-29: Demand and Capacity curves for mechanism 12 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.139 m
demand displacement of the seismic zone dd*  =  0.072 m
VF  = 1.93safety factor =ultimate disp./demand disp.
 
Table C-57: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.07 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 TRUE moderate damage
0.5 Sdu = 0.17 m D3 FALSE
Sdu = 0.35 m D4 FALSE
Analyses results
 
Table C-58: Level of damage for mechanism 12 mode of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 31 
 
Mechanism 13: translation on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-30: Demand and Capacity curves for mechanism 13 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.174 m
demand displacement of the seismic zone dd*  =  0.021 m
VF  = 8.30safety factor = ultimate disp./demand disp.
 
Table C-59: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.02 m label
0.7 Sdy = 0.05 m D0 TRUE no damage
Sdy = 0.07 m D1 FALSE
0.25 Sdu = 0.11 m D2 FALSE
0.5 Sdu = 0.22 m D3 FALSE
Sdu = 0.44 m D4 FALSE
Analyses results
 
Table C-60: Level of damage for mechanism 13 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 32 
 
Mechanism 13 Mode: translation  on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-31: Demand and Capacity curves for mechanism 13 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.174 m
demand displacement of the seismic zone dd*  =  0.030 m
VF  = 5.81safety factor = ultimate disp./demand disp.
 
Table C-61: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.03 m label
0.7 Sdy = 0.05 m D0 TRUE no damage
Sdy = 0.07 m D1 FALSE
0.25 Sdu = 0.11 m D2 FALSE
0.5 Sdu = 0.22 m D3 FALSE
Sdu = 0.44 m D4 FALSE
Analyses results
 
Table C-62: Level of damage for mechanism 13 mode of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 33 
 
Mechanism 14: torsion on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-32: Demand and Capacity curves for mechanism 14 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.148 m
demand displacement of the seismic zone dd*  =  0.061 m
VF  = 2.42safety factor = ultimate disp./demand disp.
 
Table C-63: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.06 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 TRUE moderate damage
0.5 Sdu = 0.18 m D3 FALSE
Sdu = 0.37 m D4 FALSE
Analyses results
 
Table C-64: Level of damage for mechanism 14 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 34 
 
Mechanism 14 Mode: torsion on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-33: Demand and Capacity curves for mechanism 14 mode of Santa Maria del Mar church 
 
Safety factor 
capacity displacement of the structure du*  =  0.148 m
demand displacement of the seismic zone dd*  =  0.082 m
VF  = 1.80safety factor = ultimate disp./demand disp.
 
Table C-65: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.08 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 TRUE moderate damage
0.5 Sdu = 0.18 m D3 FALSE
Sdu = 0.37 m D4 FALSE
Analyses results
 
Table C-66: Level of damage for mechanism 14 mode of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 35 
 
Mechanism 15: translation on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-34: Demand and Capacity curves for mechanism 15 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.193 m
demand displacement of the seismic zone dd*  =  0.041 m
VF  = 4.71safety factor = ultimate disp./demand disp.
 
Table C-67: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.041 m label
0.7 Sdy = 0.054 m D0 TRUE no damage
Sdy = 0.08 m D1 FALSE
0.25 Sdu = 0.12 m D2 FALSE
0.5 Sdu = 0.24 m D3 FALSE
Sdu = 0.48 m D4 FALSE
Analyses results
 
Table C-68: Level of damage for mechanism 15 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 36 
 
Mechanism 15 Mode: translation on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-35: Demand and Capacity curves for mechanism 15 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.193 m
demand displacement of the seismic zone dd*  =  0.056 m
VF  = 3.45safety factor = ultimate disp./demand disp.
 
Table C-69: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.056 m label
0.7 Sdy = 0.054 m D0 FALSE
Sdy = 0.08 m D1 TRUE lighly damage
0.25 Sdu = 0.12 m D2 FALSE
0.5 Sdu = 0.24 m D3 FALSE
Sdu = 0.48 m D4 FALSE
Analyses results
 
Table C-70: Level of damage for mechanism 15 mode of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 37 
 
Mallorca Cathedral 
 
Mechanism 1: over turning whole principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-36: Demand and Capacity curves for mechanism 1 of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.649 m
demand displacement of the seismic zone dd*  =  0.202 m
VF  = 8.16safety factor = ultimate disp./demand disp.
 
Table C-71: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.20 m label
0.7 Sdy = 0.46 m D0 TRUE no damage
Sdy = 0.66 m D1 FALSE
0.25 Sdu = 1.03 m D2 FALSE
0.5 Sdu = 2.06 m D3 FALSE
Sdu = 4.12 m D4 FALSE
Analyses results
 
Table C-72: Level of damage for mechanism 1 of the Mallorca Cathedral  
 
demand capacity curve
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
displacements
s
pe
c
tr
a
l a
c
c
e
le
ra
tio
n
capacity curve T*s line demand curve
demand capacity
Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 2: over turning of the central part of principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-37: Demand and Capacity curves for mechanism 2 of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.365 m
demand displacement of the seismic zone dd*  =  0.185 m
VF  = 7.38safety factor = ultimate disp./demand disp.
 
Table C-73: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.19 m label
0.7 Sdy = 0.38 m D0 TRUE no damage
Sdy = 0.55 m D1 FALSE
0.25 Sdu = 0.85 m D2 FALSE
0.5 Sdu = 1.71 m D3 FALSE
Sdu = 3.41 m D4 FALSE
Analyses results
 
Table C.74: Level of damage for mechanism 2 of the Mallorca Cathedral  
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 3: over turning of the upper part of principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-38: Demand and Capacity curves for mechanism 3 of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.113 m
demand displacement of the seismic zone dd*  =  0.193 m
VF  = 5.77safety factor = ultimate disp./demand disp.
 
Table C-75: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.19 m label
0.7 Sdy = 0.31 m D0 TRUE no damage
Sdy = 0.45 m D1 FALSE
0.25 Sdu = 0.70 m D2 FALSE
0.5 Sdu = 1.39 m D3 FALSE
Sdu = 2.78 m D4 FALSE
Analyses results
 
Table C-76: Level of damage for mechanism 3 of the Mallorca Cathedral  
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-39: Demand and Capacity curves for mechanism 3 mode of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.113 m
demand displacement of the seismic zone dd*  =  0.222 m
VF  = 5.01safety factor = ultimate disp./demand disp.
 
Table C-77: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.22 m label
0.7 Sdy = 0.31 m D0 TRUE no damage
Sdy = 0.45 m D1 FALSE
0.25 Sdu = 0.70 m D2 FALSE
0.5 Sdu = 1.39 m D3 FALSE
Sdu = 2.78 m D4 FALSE
Analyses results
 
Table C-78: Level of damage for mechanism 3 mode of the Mallorca Cathedral  
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 4: over turning of the upper part of principal façade without rose window 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-40: Demand and Capacity curves for mechanism 4 of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.058 m
demand displacement of the seismic zone dd*  =  0.145 m
VF  = 7.30safety factor = ultimate disp./demand disp.
 
Table C-79: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.15 m label
0.7 Sdy = 0.30 m D0 TRUE no damage
Sdy = 0.42 m D1 FALSE
0.25 Sdu = 0.66 m D2 FALSE
0.5 Sdu = 1.32 m D3 FALSE
Sdu = 2.65 m D4 FALSE
Analyses results
 
Table C-80: Level of damage for mechanism 4 of the Mallorca Cathedral  
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 4 Mode: over turning upper part of façade without rose window taking into 
account all the façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-41: Demand and Capacity curves for mechanism 4 mode of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.058 m
demand displacement of the seismic zone dd*  =  0.191 m
VF  = 5.54safety factor = ultimate disp./demand disp.
 
Table C-81: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.19 m label
0.7 Sdy = 0.30 m D0 TRUE no damage
Sdy = 0.42 m D1 FALSE
0.25 Sdu = 0.66 m D2 FALSE
0.5 Sdu = 1.32 m D3 FALSE
Sdu = 2.65 m D4 FALSE
Analyses results
 
Table C-82: Level of damage for mechanism 4 mode of the Mallorca Cathedral  
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 5: Over turning of whole tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-42: Demand and Capacity curves for mechanism 5 of Mallorca Cathedral 
 
Safety factor 
 
capacity displacement of the structure du*  =  1.200 m
demand displacement of the seismic zone dd*  =  0.215 m
VF  = 5.58safety factor = ultimate disp./demand disp.
 
Table C-83: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.22 m label
0.7 Sdy = 0.34 m D0 TRUE no damage
Sdy = 0.48 m D1 FALSE
0.25 Sdu = 0.75 m D2 FALSE
0.5 Sdu = 1.50 m D3 FALSE
Sdu = 3.00 m D4 FALSE
Analyses results
 
Table C-84: Level of damage for mechanism 5 of the Mallorca Cathedral 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 6-1: transversal action on the transept 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-43: Demand and Capacity curves for mechanism 6-1 of Mallorca Cathedral 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.248 m
demand displacement of the seismic zone dd*  =  0.045 m
VF  = 5.51safety factor = ultimate disp./demand disp.
 
Table C-85: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.05 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.05 m D1 TRUE lighly damage
0.25 Sdu = 0.16 m D2 FALSE
0.5 Sdu = 0.31 m D3 FALSE
Sdu = 0.62 m D4 FALSE
Analyses results
 
Table C-86: Level of damage for mechanism 6-1 of the Mallorca Cathedral 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 6-2: transversal action on the transept 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-44: Demand and Capacity curves for mechanism 6-2 of Mallorca Cathedral 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.900 m
demand displacement of the seismic zone dd*  =  0.310 m
VF  = 2.90safety factor = ultimate disp./demand disp.
 
Table C-87: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.31 m label
0.7 Sdy = 0.25 m D0 FALSE
Sdy = 0.36 m D1 TRUE lighly damage
0.25 Sdu = 0.56 m D2 FALSE
0.5 Sdu = 1.13 m D3 FALSE
Sdu = 2.25 m D4 FALSE
Analyses results
 
Table C-88: Level of damage for mechanism 6-2 of the Mallorca Cathedral 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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NCSE-02: Fajfar method 
 
The same procedure described using EuroCode 8, can be followed applying the Spanish 
seismic code  NCSE-02 and the obtained results are listed in the next. 
 
 Santa Maria del Pi 
Mechanism 1: tower rotation 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-45: Demand and Capacity curves for mechanism 1 of Santa Maria del Pi church 
 
Safety factor 
capacity displacement of the structure du*  =  1.143 m
demand displacement of the seismic zone dd*  =  0.160 m
VF  = 7.14safety factor = ultimate disp./demand disp.
 
Table C-89: Values of capacity and demand displacements and safety factor 
 
Level of damages 
Sd = 0.16 m label
0.7 Sdy = 0.32 m D0 TRUE no damage
Sdy = 0.46 m D1 FALSE
0.25 Sdu = 0.71 m D2 FALSE
0.5 Sdu = 1.43 m D3 FALSE
Sdu = 2.86 m D4 FALSE
Analyses results
 
Table C-90: Level of damage for mechanism 1 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 2: upper tower rotation 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-46: Demand and Capacity curves for mechanism 2 of Santa Maria del Pi church 
Safety factor 
 
capacity displacement of the structure du*  =  0.790 m
demand displacement of the seismic zone dd*  =  0.070 m
VF  = 11.29safety factor = ultimate disp./demand disp.
 
Table C-91: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.07 m label
0.7 Sdy = 0.22 m D0 TRUE no damage
Sdy = 0.32 m D1 FALSE
0.25 Sdu = 0.49 m D2 FALSE
0.5 Sdu = 0.99 m D3 FALSE
Sdu = 1.98 m D4 FALSE
Analyses results
 
Table C-92: Level of damage for mechanism 2 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 3: over turning upper part of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-47: Demand and Capacity curves for mechanism 3 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.051 m
VF  = 2.94safety factor = ultimate disp./demand disp.
 
Table C-93: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.05 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 TRUE lighly damage
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.19 m D3 FALSE
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-94: Level of damage for mechanism 3 of the Santa Maria del Pi church 
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Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-48: Demand and Capacity curves for mechanism 3 mode of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.075 m
VF  = 2.00safety factor = ultimate disp./demand disp.
 
Table C-95: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.08 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 TRUE moderate damage
0.5 Sdu = 0.19 m D3 FALSE
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-96: Level of damage for mechanism 3 mode of the Santa Maria del Pi church 
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Mechanism 4: over turning upper part of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-49: Demand and Capacity curves for mechanism 4 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.105 m
VF  = 1.43safety factor = ultimate disp./demand disp.
 
Table C-97: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.11 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.19 m D3 TRUE extensive and severe damage
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-98: Level of damage for mechanism 4 of the Santa Maria del Pi church 
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Mechanism 4 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-50: Demand and Capacity curves for mechanism 4 mode of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.115 m
VF  = 1.30safety factor = ultimate disp./demand disp.
 
Table C-99: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.12 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.19 m D3 TRUE extensive and severe damage
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-100: Level of damage for mechanism 4 mode of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 52 
 
Mechanism 5: over turning of the central part of the  façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-51: Demand and Capacity curves for mechanism 5 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.328 m
demand displacement of the seismic zone dd*  =  0.117 m
VF  = 2.80safety factor = ultimate disp./demand disp.
 
Table C-101: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.12 m label
0.7 Sdy = 0.09 m D0 FALSE
Sdy = 0.13 m D1 TRUE lighly damage
0.25 Sdu = 0.20 m D2 FALSE
0.5 Sdu = 0.41 m D3 FALSE
Sdu = 0.82 m D4 FALSE
Analyses results
 
Table C-102: Level of damage for mechanism 5 of the Santa Maria del Pi church 
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Mechanism 6: transversal seismic action 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-52: Demand and Capacity curves for mechanism 6 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.693 m
demand displacement of the seismic zone dd*  =  0.144 m
VF  = 4.82safety factor = ultimate disp./demand disp.
 
Table C-103: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.14 m label
0.7 Sdy = 0.20 m D0 TRUE no damage
Sdy = 0.28 m D1 FALSE
0.25 Sdu = 0.43 m D2 FALSE
0.5 Sdu = 0.87 m D3 FALSE
Sdu = 1.73 m D4 FALSE
Analyses results
 
Table C-104: Level of damage for mechanism 6 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism7: transversal seismic action of the principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-53: Demand and Capacity curves for mechanism 7 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  1.875 m
demand displacement of the seismic zone dd*  =  0.130 m
VF  = 14.42safety factor = ultimate disp./demand disp.
 
Table C-105: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.13 m label
0.7 Sdy = 0.53 m D0 TRUE no damage
Sdy = 0.75 m D1 FALSE
0.25 Sdu = 1.17 m D2 FALSE
0.5 Sdu = 2.34 m D3 FALSE
Sdu = 4.69 m D4 FALSE
Analyses results
 
Table C-106: Level of damage for mechanism 7 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 55 
 
Mechanism8: transversal seismic action of the principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-54: Demand and Capacity curves for mechanism 8 of Santa Maria del Pi church 
 
Safety factor 
capacity displacement of the structure du*  =  1.787 m
demand displacement of the seismic zone dd*  =  0.120 m
VF  = 14.89safety factor = ultimate disp./demand disp.
 
Table C-107: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.12 m label
0.7 Sdy = 0.50 m D0 TRUE no damage
Sdy = 0.72 m D1 FALSE
0.25 Sdu = 1.12 m D2 FALSE
0.5 Sdu = 2.23 m D3 FALSE
Sdu = 4.47 m D4 FALSE
Analyses results
 
Table C-108: Level of damage for mechanism 8 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 56 
 
Mechanism 9: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-55: Demand and Capacity curves for mechanism 9 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.543 m
demand displacement of the seismic zone dd*  =  0.140 m
VF  = 3.88safety factor = ultimate disp./demand disp.
 
Table C-109: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.14 m label
0.7 Sdy = 0.15 m D0 TRUE no damage
Sdy = 0.22 m D1 FALSE
0.25 Sdu = 0.34 m D2 FALSE
0.5 Sdu = 0.68 m D3 FALSE
Sdu = 1.36 m D4 FALSE
Analyses results
 
Table C-110: Level of damage for mechanism 9 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 57 
 
Mechanism 10: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-56: Demand and Capacity curves for mechanism 10 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.614 m
demand displacement of the seismic zone dd*  =  0.140 m
VF  = 4.38safety factor = ultimate disp./demand disp.
 
Table C-111: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.14 m label
0.7 Sdy = 0.17 m D0 TRUE no damage
Sdy = 0.25 m D1 FALSE
0.25 Sdu = 0.38 m D2 FALSE
0.5 Sdu = 0.77 m D3 FALSE
Sdu = 1.53 m D4 FALSE
Analyses results
 
Table C-112: Level of damage for mechanism 10 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 11: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-57: Demand and Capacity curves for mechanism 11 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.553 m
demand displacement of the seismic zone dd*  =  0.140 m
VF  = 3.95safety factor = ultimate disp./demand disp.
 
Table C-113: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.14 m label
0.7 Sdy = 0.15 m D0 TRUE no damage
Sdy = 0.22 m D1 FALSE
0.25 Sdu = 0.35 m D2 FALSE
0.5 Sdu = 0.69 m D3 FALSE
Sdu = 1.38 m D4 FALSE
Analyses results
 
Table C-114: Level of damage for mechanism 11 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 12: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-58: Demand and Capacity curves for mechanism 12 of Santa Maria del Pi church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.895 m
demand displacement of the seismic zone dd*  =  0.150 m
VF  = 5.97safety factor = ultimate disp./demand disp.
 
Table C-115: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.15 m label
0.7 Sdy = 0.25 m D0 TRUE no damage
Sdy = 0.36 m D1 FALSE
0.25 Sdu = 0.56 m D2 FALSE
0.5 Sdu = 1.12 m D3 FALSE
Sdu = 2.24 m D4 FALSE
Analyses results
 
Table C-116: Level of damage for mechanism 12 of the Santa Maria del Pi church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Santa Maria del Mar 
 
Mechanism 1: tower rotation 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-59: Demand and Capacity curves for mechanism 1 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.930 m
demand displacement of the seismic zone dd*  =  0.160 m
VF  = 5.81safety factor = ultimate disp./demand disp.
 
Table C-117: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.16 m label
0.7 Sdy = 0.26 m D0 TRUE no damage
Sdy = 0.37 m D1 FALSE
0.25 Sdu = 0.58 m D2 FALSE
0.5 Sdu = 1.16 m D3 FALSE
Sdu = 2.33 m D4 FALSE
Analyses results
 
Table C-118: Level of damage for mechanism 1 of the Santa Maria del Mar church 
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Mechanism 2: over turning of the upper part of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-60: Demand and Capacity curves for mechanism 2 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.049 m
VF  = 3.06safety factor = ultimate disp./demand disp.
 
Table C-119: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.05 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 TRUE lighly damage
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.19 m D3 FALSE
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-120: Level of damage for mechanism 2 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 2 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-61: Demand and Capacity curves for mechanism 2 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.150 m
demand displacement of the seismic zone dd*  =  0.071 m
VF  = 2.11safety factor = ultimate disp./demand disp.
 
Table C-121: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.07 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 TRUE moderate damage
0.5 Sdu = 0.19 m D3 FALSE
Sdu = 0.38 m D4 FALSE
Analyses results
 
Table C-122: Level of damage for mechanism 2 mode of the Santa Maria del Mar church 
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Mechanism 3: over turning upper part of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-62: Demand and Capacity curves for mechanism 3 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.200 m
demand displacement of the seismic zone dd*  =  0.092 m
VF  = 2.17safety factor = ultimate disp./demand disp.
 
Table C-123: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.09 m label
0.7 Sdy = 0.06 m D0 FALSE
Sdy = 0.08 m D1 FALSE
0.25 Sdu = 0.13 m D2 TRUE moderate damage
0.5 Sdu = 0.25 m D3 FALSE
Sdu = 0.50 m D4 FALSE
Analyses results
 
Table C-124: Level of damage for mechanism 3 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-63: Demand and Capacity curves for mechanism 3 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.200 m
demand displacement of the seismic zone dd*  =  0.110 m
VF  = 1.82safety factor = ultimate disp./demand disp.
 
Table C-125: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.11 m label
0.7 Sdy = 0.06 m D0 FALSE
Sdy = 0.08 m D1 FALSE
0.25 Sdu = 0.13 m D2 TRUE moderate damage
0.5 Sdu = 0.25 m D3 FALSE
Sdu = 0.50 m D4 FALSE
Analyses results
 
Table C-126: Level of damage for mechanism 3 mode of the Santa Maria del Mar church 
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Mechanism 4: Over turning of façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-64: Demand and Capacity curves for mechanism 4 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.566 m
demand displacement of the seismic zone dd*  =  0.140 m
VF  = 4.04safety factor = ultimate disp./demand disp.
 
Table C-127: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.14 m label
0.7 Sdy = 0.16 m D0 TRUE no damage
Sdy = 0.23 m D1 FALSE
0.25 Sdu = 0.35 m D2 FALSE
0.5 Sdu = 0.71 m D3 FALSE
Sdu = 1.42 m D4 FALSE
Analyses results
 
Table C-128: Level of damage for mechanism 4 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 5: upper part tower rotation 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-65: Demand and Capacity curves for mechanism 5 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.530 m
demand displacement of the seismic zone dd*  =  0.053 m
VF  = 10.01safety factor = ultimate disp./demand disp.
 
Table C-129: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.05 m label
0.7 Sdy = 0.15 m D0 TRUE no damage
Sdy = 0.21 m D1 FALSE
0.25 Sdu = 0.33 m D2 FALSE
0.5 Sdu = 0.66 m D3 FALSE
Sdu = 1.33 m D4 FALSE
Analyses results
 
Table C-130: Level of damage for mechanism 5 of the Santa Maria del Mar church 
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Mechanism 6: tower rotation 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-66: Demand and Capacity curves for mechanism 6 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.397 m
demand displacement of the seismic zone dd*  =  0.040 m
VF  = 9.93safety factor = ultimate disp./demand disp.
 
Table C-131: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.04 m label
0.7 Sdy = 0.11 m D0 TRUE no damage
Sdy = 0.16 m D1 FALSE
0.25 Sdu = 0.25 m D2 FALSE
0.5 Sdu = 0.50 m D3 FALSE
Sdu = 0.99 m D4 FALSE
Analyses results
 
Table C-132: Level of damage for mechanism 6 of the Santa Maria del Mar church 
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Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
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Mechanism 7: in plane mechanism of the principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-67: Demand and Capacity curves for mechanism 7 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.950 m
demand displacement of the seismic zone dd*  =  0.062 m
VF  = 15.32safety factor = ultimate disp./demand disp.
 
Table C-133: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.06 m label
0.7 Sdy = 0.27 m D0 TRUE no damage
Sdy = 0.38 m D1 FALSE
0.25 Sdu = 0.59 m D2 FALSE
0.5 Sdu = 1.19 m D3 FALSE
Sdu = 2.37 m D4 FALSE
Analyses results
 
Table C-134: Level of damage for mechanism 7 of the Santa Maria del Mar church 
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Mechanism 8: transversal seismic action 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-68: Demand and Capacity curves for mechanism 8 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.846 m
demand displacement of the seismic zone dd*  =  0.180 m
VF  = 4.70safety factor = ultimate disp./demand disp.
 
Table C-135: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.18 m label
0.7 Sdy = 0.24 m D0 TRUE no damage
Sdy = 0.34 m D1 FALSE
0.25 Sdu = 0.53 m D2 FALSE
0.5 Sdu = 1.06 m D3 FALSE
Sdu = 2.11 m D4 FALSE
Analyses results
 
Table C-136: Level of damage for mechanism 8 of the Santa Maria del Mar church 
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Mechanism 9: transversal seismic action of the transept 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-69: Demand and Capacity curves for mechanism 9 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  1.257 m
demand displacement of the seismic zone dd*  =  0.220 m
VF  = 5.71safety factor = ultimate disp./demand disp.
 
Table C-137: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.22 m label
0.7 Sdy = 0.35 m D0 TRUE no damage
Sdy = 0.50 m D1 FALSE
0.25 Sdu = 0.79 m D2 FALSE
0.5 Sdu = 1.57 m D3 FALSE
Sdu = 3.14 m D4 FALSE
Analyses results
 
Table C-138: Level of damage for mechanism 9 of the Santa Maria del Mar church 
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Mechanism 10: transversal seismic action of the transept 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-70: Demand and Capacity curves for mechanism 10 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  1.118 m
demand displacement of the seismic zone dd*  =  0.200 m
VF  = 5.59safety factor = ultimate disp./demand disp.
 
Table C-139: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.20 m label
0.7 Sdy = 0.31 m D0 TRUE no damage
Sdy = 0.45 m D1 FALSE
0.25 Sdu = 0.70 m D2 FALSE
0.5 Sdu = 1.40 m D3 FALSE
Sdu = 2.79 m D4 FALSE
Analyses results
 
Table C-140: Level of damage for mechanism 10 of the Santa Maria del Mar church 
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Mechanism 11: Apse over turning 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-71: Demand and Capacity curves for mechanism 11 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.940 m
demand displacement of the seismic zone dd*  =  0.160 m
VF  = 5.88safety factor = ultimate disp./demand disp.
 
Table C-141: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.16 m label
0.7 Sdy = 0.26 m D0 TRUE no damage
Sdy = 0.38 m D1 FALSE
0.25 Sdu = 0.59 m D2 FALSE
0.5 Sdu = 1.18 m D3 FALSE
Sdu = 2.35 m D4 FALSE
Analyses results
 
Table C-142: Level of damage for mechanism 11 of the Santa Maria del Mar church 
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Mechanism 12: torsion on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-72: Demand and Capacity curves for mechanism 12 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.132 m
demand displacement of the seismic zone dd*  =  0.043 m
VF  = 3.06safety factor = ultimate disp./demand disp.
 
Table C-143: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.04 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.05 m D1 TRUE lighly damage
0.25 Sdu = 0.08 m D2 FALSE
0.5 Sdu = 0.16 m D3 FALSE
Sdu = 0.33 m D4 FALSE
Analyses results
 
Table C-144: Level of damage for mechanism 12 of the Santa Maria del Mar church 
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Mechanism 12 Mode: torsion on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-73: Demand and Capacity curves for mechanism 12 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.132 m
demand displacement of the seismic zone dd*  =  0.061 m
VF  = 2.16safety factor = ultimate disp./demand disp.
 
Table C-145: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.06 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.05 m D1 FALSE
0.25 Sdu = 0.08 m D2 TRUE moderate damage
0.5 Sdu = 0.16 m D3 FALSE
Sdu = 0.33 m D4 FALSE
Analyses results
 
Table C-146: Level of damage for mechanism 12 mode of the Santa Maria del Mar church 
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Mechanism 13: translation on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-74: Demand and Capacity curves for mechanism 13 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.174 m
demand displacement of the seismic zone dd*  =  0.021 m
VF  = 8.30safety factor = ultimate disp./demand disp.
 
Table C-147: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.02 m label
0.7 Sdy = 0.05 m D0 TRUE no damage
Sdy = 0.07 m D1 FALSE
0.25 Sdu = 0.11 m D2 FALSE
0.5 Sdu = 0.22 m D3 FALSE
Sdu = 0.44 m D4 FALSE
Analyses results
 
Table C-148: Level of damage for mechanism 13 of the Santa Maria del Mar church 
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Mechanism 13 Mode: translation  on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-75: Demand and Capacity curves for mechanism 13 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.174 m
demand displacement of the seismic zone dd*  =  0.030 m
VF  = 5.81safety factor = ultimate disp./demand disp.
 
Table C-149: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.03 m label
0.7 Sdy = 0.05 m D0 TRUE no damage
Sdy = 0.07 m D1 FALSE
0.25 Sdu = 0.11 m D2 FALSE
0.5 Sdu = 0.22 m D3 FALSE
Sdu = 0.44 m D4 FALSE
Analyses results
 
Table C-150: Level of damage for mechanism 13 mode of the Santa Maria del Mar church 
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Mechanism 14: torsion on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-76: Demand and Capacity curves for mechanism 14 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.148 m
demand displacement of the seismic zone dd*  =  0.053 m
VF  = 2.78safety factor = ultimate disp./demand disp.
 
Table C-151: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.05 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 TRUE lighly damage
0.25 Sdu = 0.09 m D2 FALSE
0.5 Sdu = 0.18 m D3 FALSE
Sdu = 0.37 m D4 FALSE
Analyses results
 
Table C-152: Level of damage for mechanism 14 of the Santa Maria del Mar church 
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Mechanism 14 Mode: torsion on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-77: Demand and Capacity curves for mechanism 14 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.148 m
demand displacement of the seismic zone dd*  =  0.073 m
VF  = 2.02safety factor = ultimate disp./demand disp.
 
Table C-153: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.07 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.06 m D1 FALSE
0.25 Sdu = 0.09 m D2 TRUE moderate damage
0.5 Sdu = 0.18 m D3 FALSE
Sdu = 0.37 m D4 FALSE
Analyses results
 
Table C-154: Level of damage for mechanism 14 mode of the Santa Maria del Mar church 
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Mechanism 15: translation on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-78: Demand and Capacity curves for mechanism 15 of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.193 m
demand displacement of the seismic zone dd*  =  0.034 m
VF  = 5.68safety factor = ultimate disp./demand disp.
 
Table C-155: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.03 m label
0.7 Sdy = 0.05 m D0 TRUE no damage
Sdy = 0.08 m D1 FALSE
0.25 Sdu = 0.12 m D2 FALSE
0.5 Sdu = 0.24 m D3 FALSE
Sdu = 0.48 m D4 FALSE
Analyses results
 
Table C-156: Level of damage for mechanism 15 of the Santa Maria del Mar church 
 
 
 
 
capacity curve
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
0 0.1 0.2 0.3 0.4 0.5 0.6
displacement d,k
s
pe
c
tr
a
l a
c
c
e
le
ra
tio
n
 
a
capacity curve
period T*s
demand curve
demand capacity
Application of Capacity Spectrum Method to medieval constructions: ANNEX C 
Annex C - 80 
 
Mechanism 15 Mode: translation on the upper part of the tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-79: Demand and Capacity curves for mechanism 15 mode of Santa Maria del Mar church 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.193 m
demand displacement of the seismic zone dd*  =  0.050 m
VF  = 3.86safety factor = ultimate disp./demand disp.
 
Table C-157: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.05 m label
0.7 Sdy = 0.05 m D0 TRUE no damage
Sdy = 0.08 m D1 FALSE
0.25 Sdu = 0.12 m D2 FALSE
0.5 Sdu = 0.24 m D3 FALSE
Sdu = 0.48 m D4 FALSE
Analyses results
 
Table C-158: Level of damage for mechanism 15 mode of the Santa Maria del Mar church 
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Mallorca Cathedral 
 
Mechanism 1: over turning whole principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-80: Demand and Capacity curves for mechanism 1 of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.649 m
demand displacement of the seismic zone dd*  =  0.190 m
VF  = 8.68safety factor = ultimate disp./demand disp.
 
Table C-159: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.19 m label
0.7 Sdy = 0.46 m D0 TRUE no damage
Sdy = 0.66 m D1 FALSE
0.25 Sdu = 1.03 m D2 FALSE
0.5 Sdu = 2.06 m D3 FALSE
Sdu = 4.12 m D4 FALSE
Analyses results
 
Table C-160: Level of damage for mechanism 1 of the Mallorca Cathedral  
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Mechanism 2: over turning of the central part of principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-81: Demand and Capacity curves for mechanism 2 of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.365 m
demand displacement of the seismic zone dd*  =  0.180 m
VF  = 7.58safety factor = ultimate disp./demand disp.
 
Table C-161: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.18 m label
0.7 Sdy = 0.38 m D0 TRUE no damage
Sdy = 0.55 m D1 FALSE
0.25 Sdu = 0.85 m D2 FALSE
0.5 Sdu = 1.71 m D3 FALSE
Sdu = 3.41 m D4 FALSE
Analyses results
 
Table C-162: Level of damage for mechanism 2 of the Mallorca Cathedral  
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Mechanism 3: over turning of the upper part of principal façade 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-82: Demand and Capacity curves for mechanism 3 of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.113 m
demand displacement of the seismic zone dd*  =  0.190 m
VF  = 5.86vulnerability factor = demand disp./ultimate disp.
 
Table C-163: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.19 m label
0.7 Sdy = 0.31 m D0 TRUE no damage
Sdy = 0.45 m D1 FALSE
0.25 Sdu = 0.70 m D2 FALSE
0.5 Sdu = 1.39 m D3 FALSE
Sdu = 2.78 m D4 FALSE
Analyses results
 
Table C-164: Level of damage for mechanism 3 of the Mallorca Cathedral  
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Mechanism 3 Mode: over turning upper part of façade taking into account all the 
façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-83: Demand and Capacity curves for mechanism 3 mode of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.113 m
demand displacement of the seismic zone dd*  =  0.190 m
VF  = 5.86safety factor = ultimate disp./demand disp.
 
Table C-165: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.19 m label
0.7 Sdy = 0.31 m D0 TRUE no damage
Sdy = 0.45 m D1 FALSE
0.25 Sdu = 0.70 m D2 FALSE
0.5 Sdu = 1.39 m D3 FALSE
Sdu = 2.78 m D4 FALSE
Analyses results
 
Table C-166: Level of damage for mechanism 3 mode of the Mallorca Cathedral  
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Mechanism 4: over turning of the upper part of principal façade without rose window 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-84: Demand and Capacity curves for mechanism 4 of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.058 m
demand displacement of the seismic zone dd*  =  0.150 m
VF  = 7.06safety factor = ultimate disp./demand disp.
 
Table C-167: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.15 m label
0.7 Sdy = 0.30 m D0 TRUE no damage
Sdy = 0.42 m D1 FALSE
0.25 Sdu = 0.66 m D2 FALSE
0.5 Sdu = 1.32 m D3 FALSE
Sdu = 2.65 m D4 FALSE
Analyses results
 
Table C-168: Level of damage for mechanism 4 of the Mallorca Cathedral  
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Mechanism 4 Mode: over turning upper part of façade without rose window taking into 
account all the façade structure 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-85: Demand and Capacity curves for mechanism 4 mode of Mallorca Cathedral  
 
Safety factor 
 
capacity displacement of the structure du*  =  1.058 m
demand displacement of the seismic zone dd*  =  0.180 m
VF  = 5.88vulnerability factor = demand disp./ultimate disp.
 
Table C-169: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.18 m label
0.7 Sdy = 0.30 m D0 TRUE no damage
Sdy = 0.42 m D1 FALSE
0.25 Sdu = 0.66 m D2 FALSE
0.5 Sdu = 1.32 m D3 FALSE
Sdu = 2.65 m D4 FALSE
Analyses results
 
Table C-170: Level of damage for mechanism 4 mode of the Mallorca Cathedral  
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Mechanism 5: Over turning of whole tower 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
 
Figure C-86: Demand and Capacity curves for mechanism 5 of Mallorca Cathedral 
 
Safety factor 
 
capacity displacement of the structure du*  =  1.200 m
demand displacement of the seismic zone dd*  =  0.200 m
VF  = 6.00safety factor = ultimate disp./demand disp.
 
Table C-171: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.20 m label
0.7 Sdy = 0.34 m D0 TRUE no damage
Sdy = 0.48 m D1 FALSE
0.25 Sdu = 0.75 m D2 FALSE
0.5 Sdu = 1.50 m D3 FALSE
Sdu = 3.00 m D4 FALSE
Analyses results
 
Table C-172: Level of damage for mechanism 5 of the Mallorca Cathedral 
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Mechanism 6-1: transversal action on the transept 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-87: Demand and Capacity curves for mechanism 6-1 of Mallorca Cathedral 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.248 m
demand displacement of the seismic zone dd*  =  0.042 m
VF  = 5.90safety factor = ultimate disp./demand disp.
 
Table C-173: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.04 m label
0.7 Sdy = 0.04 m D0 FALSE
Sdy = 0.05 m D1 TRUE lighly damage
0.25 Sdu = 0.06 m D2 FALSE
0.5 Sdu = 0.12 m D3 FALSE
Sdu = 0.25 m D4 FALSE
Analyses results
 
Table C-174: Level of damage for mechanism 6-1 of the Mallorca Cathedral 
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Mechanism 6-2: transversal action on the transept 
 
Capacity spectrum method 
 
 
 
 
 
 
 
 
 
 
Figure C-88: Demand and Capacity curves for mechanism 6-2 of Mallorca Cathedral 
 
Safety factor 
 
capacity displacement of the structure du*  =  0.900 m
demand displacement of the seismic zone dd*  =  0.271 m
VF  = 3.32safety factor = ultimate disp./demand disp.
 
Table C-175: Values of capacity and demand displacements and safety factor 
 
Level of damages 
 
Sd = 0.27 m label
0.7 Sdy = 0.25 m D0 FALSE
Sdy = 0.36 m D1 TRUE lighly damage
0.25 Sdu = 0.56 m D2 FALSE
0.5 Sdu = 1.13 m D3 FALSE
Sdu = 2.25 m D4 FALSE
Analyses results
 
Table C-176: Level of damage for mechanism 6-2 of the Mallorca Cathedral 
 
 
 
 
Demand - capacity curves
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00
0 0.5 1 1.5 2 2.5
displacements
s
pe
c
tr
a
l a
c
c
e
le
ra
tio
n
capacity curve Demand curve elastic branch
Application of Capacity Spectrum Method to medieval constructions: ANNEX D 
 
Annex D- 1 - 
 ANNEX D  
  
 Whole CSM calculation procedure applied on the Santa Maria del Pi  church for 
the mechanism 5 
 
Santa Maria del Pi church is divided in eleven different macro-elements and for each of 
these sub-structures, the C.S.M. has been applied. 
The main point of this procedure is to compare the demand curve with the capacity 
curve and for that reason it is possible to start from the study of the fore mentioned 
graphs. Santa Maria del Pi church is located in the Catalonia region and using detailed 
study carried out on the Barcelona soil, it is possible to know its mechanical properties 
and identify the said soil based on the classification used in the EuroCode 8, and 
namely as typology B. 
The European design rule divide the soil in three different typologies, already 
introduced in the previous chapters, and in the following table reported.  
 
S β o K1 K2 TB TC TD ag = a * g
A 1 2.5 1 2 0.1 0.4 3 0.3924
B 1 2.5 1 2 0.15 0.6 3 0.3924
C 0.9 2.5 1 2 0.2 0.8 3 0.3924
 
Table D-1: Value introduced by the E.C.8 in order to draw the response spectrum graph 
 
 Using the parameters located in the table above, the elastic response spectrum can be 
depicted and is reported in the next (Picture B-1). 
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Figure D-1: Elastic response spectrum for soil B 
Application of Capacity Spectrum Method to medieval constructions: ANNEX D 
 
Annex D- 2 - 
It is required to relate the spectral acceleration to the spectral displacement using the 
following formulation in order to obtain the Acceleration Displacement Response 
Spectrum (ADRS), depicted in the Fugure B-2. 
 
ad S
TS ⋅
⋅
= 2
2
4 pi
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Figure D-2: ADSR for soil B 
 
After evaluating the ADSR graph, it is necessary to compute the capacity curve related 
to the selected macro-element for a given mechanism. 
 
In the following, as an example, all the calculations of the principal façade (one of the 
possible selected macro-elements on the structure) subjected to out of plane mechanism 
(mechanism 5) will be described. 
The selected part is reported in the next picture and the mechanism that can occur for 
seismic action applied on longitudinal direction is shown. 
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Annex D- 3 - 
                   
Figure D-3: Out of plane mechanism of principal façade of the Church       
            
The limit analysis procedure can be applied when the geometrical properties of the 
structure are well-known because the main measures pass through the principal of 
virtual works application. 
Thus, the following step is describe the sub-structure in terms of its geometry, establish 
the rotation point when the mechanism is activated and describe all the forces applied 
on the macro-element, due to the structural system or due to the mass of the structure 
object of the study. 
in the next picture B-4 the geometrical properties of the principal façade will be reported 
considering this element divided in two different block, named block 1 and block 2. 
 
Figure D-4: Different parts of the same macro-element. 
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geometrical and mechanical prop. geometrical and mechanical prop.
thickness 0.75 m thickness 1.4 m
height 14.95 m height 13.5 m
lenght 17.6 m lenght 17.6 m
volume 138.465 m3 volume 236.629 m3
density 2.3 ton/m3 density 2.3 ton/m3
weight P 1 318.5 ton weight P 1 544.2 ton
block 2block 1
 
Table D-2: Geometrical properties of the selected macro-element. 
 
Using the measure above reported is possible to apply the principal of virtual works, in 
order to know the multiplier αo. This coefficient represents the relation between the 
vertical and horizontal forces acting on the macro-element that activate its mechanism. 
In order to evaluate αo , it is possible to consider the following formulation: 
 
desst MM =  
 
( )22112211 hPhPlPlP o ⋅+⋅⋅=⋅+⋅ α  
 
2211
2211
hPhP
lPlP
o
⋅+⋅
⋅+⋅
=α  
 
The geometrical measures and the value of the forces involved in the formulation above 
mentioned are reported in the next table and lead to following value for a multiplier 
coefficient: 
mtonMM dessto ⋅==⇒= 4.7070683.0α  
 
P1 318.5 L1 1.025
P2 544.2 L2 0.7
Force (ton) distance (m)
  
P1 318.5 h1 20.975
P2 544.2 h2 6.75
distance (m)Force (ton)
 
Table D-3: Values used in order to find the multiplier coefficient. 
 
Knowing only the αo value is not enough to have a global idea about the behaviour of 
the macro-element for a given mechanism. 
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In fact, as before said, the multiplier coefficient gives an information of the first step of 
the motion, but on the other hand, understand the total movement until the collapse of 
the sub-structure is important. 
On the literature, it is possible to find the formulation that allows to know the reference 
point displacement value obtained when the multiplier αo is equal to zero. 
The reference point has been chosen on the top of the sub structure as shown in the 
following picture: 
 
 
Figure D-5: Mechanism of the principal façade. 
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Adopting the above formulation is possible to know the reference point displacement 
when the multiplier coefficient is equal to zero. This condition describes the not 
possible circumstance to find an equilibrium configuration between the destabilizing 
moment and stabilizing moment and thus the collapse can occurs. 
x
H
hPx
H
hPLPLP ∆⋅⋅+∆⋅⋅=⋅+⋅ 22112211
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using the following formulation is possible to depict the total capacity curve, in which 
the horizontal forces are represented by means of multiplier coefficient and located on 
the vertical axis, while the displacements are situated on the horizontal axis. 



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



−⋅=
ok
h
o d
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,
1αα  
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Figure D-6: Capacity curve for the selected macro-element and given mechanism. 
 
In order to get possible the comparison between the structural capacity and the seismic 
actions demand, the above graph has to be modified to obtain the spectral accelerations 
and the spectral displacement on the vertical and horizontal axis, respectively. 
To do it, some value must be known using the formulations listed in the following and 
described in the chapters of the work. 
1) Participation mass: 

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2) Fraction of the participation mass in the mechanism: 
∑
+
=
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3) Spectral acceleration of the activation of the mechanism: 
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Even the spectral displacement of the reference point, related to the spectral 
acceleration equal to zero, can be obtained using the following relations: 
  
∑
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At the end, the spectral capacity curve can be depicted as shown below: 
spectral acceleration graph
0.00
0.20
0.40
0.60
0.80
1.00
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
displacement d,k
sp
ec
tr
al
 
ac
ce
le
ra
tio
n
 
a
 
Figure D-7: Spectral capacity curve of the principal façade for a given mechanism. 
 
The elastic branch of the capacity curve must be determined. It is necessary to know the 
displacement and the acceleration values in the limit elastic condition. 
the displacement in the limit elastic condition can be evaluated by the following 
assumption:  
** 4.0 us dd ⋅=        →       
*
,
* 4.0 oku dd ⋅=  
after knowing the displacement value is possible to know the spectral acceleration 
value in the limit elastic condition (as*) using the inverse of the following formulation: 

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The secant period of the elastic branch can be obtained using the following equation: 
 
 
 
 
The values obtained can be recap in the table reported below: 
 
du* (m) ds* (m) as* (m/sec2) Ts* (sec) 
0.328 0.131 0.747 2.631 
Table D-4: Values used in order to obtain the elastic branch of the capacity curve. 
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Figure D-8: Spectral capacity curve of the principal façade for a given mechanism with elastic branch. 
 
 
 
 
The last step consist of putting in the same graph the demand curve and the spectral 
capacity curve, as shown in the following picture: 
 
*
*
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s
s
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demand capacity curve
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Figure D-9: Comparison between the capacity curve and demand curve. 
 
The intersection point occur in the elastic branch of the spectral capacity curve. 
Actually, the computation of the hysteretic energy dissipation could be avoid, but the 
latter hypothesis has been introduced in every calculations to take into account the real 
structural behaviour. The evaluation of the demand displacement dd* has been 
conducted using the formulation introduced in the paragraph 3.5 of the present work. 
For that reason the comparison between the ultimate capacity displacement and demand 
displacement can be evaluated without doing more complex calculations. The demand 
displacement is equal to the horizontal coordinate of the intersection point. In the 
following table the demand displacement, the ultimate displacement and the safety 
factor are reported. The safety factor has been obtained by means of the ratio between 
the displacement fore mentioned; safety factor more than unit value allows to the 
technician to state the safety of the structures under seismic load condition, while  
safety factor less than the unit value establishes a dangerous situation for the building 
object of study. 
 
dd*(m) du*(m) safety coefficient 
0.129 0.328 *
*
..
d
u
d
d
cS =  2.54 
Table D-5: displacements values and safety coefficient 
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The level of the damages that can occur on the macro-element considering a seismic 
actions acting on the structure can be evaluated in according to Lagomarsino’s 
Hypothesis (described in the third chapter) as in the following shown: 
Sd = 0.13 m label
0.7 Sdy = 0.09 m D0 FALSE
Sdy = 0.13 m D1 TRUE moderate damage
0.25 Sdu = 0.20 m D2 FALSE
0.5 Sdu = 0.41 m D3 FALSE
Sdu = 0.82 m D4 FALSE
Analyses results
 
Table D-6: Level of damage in according to Lagomarsino’s hypothesis 
 
Taking into account the fore reported values, it is possible to state that the macro-
element of the structure shows a safety coefficient equal to 2.54 and for that reason, 
dangerous situation should be avoid. Moreover, using the Lagomarsino’s classification, 
the maximum level of damage should be present on the structure is equal to D1 
(moderate damages), under seismic action. 
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 Whole CSM calculation procedure applied on the S.Maria del Mar  church for the 
mechanism 5 
 
Santa Maria del Mar church is divided in fifteen different macro-elements and for each 
of these sub-structures, the C.S.M. has been applied. 
Santa Maria del Mar church is located in the Catalonia region and using detailed study 
carried out on the Barcelona soil, it is possible to know its mechanical properties and 
identify the said soil based on the classification used in the EuroCode 8, and namely as 
typology B, the same considered for Santa Maria del Pi church before introduced. 
 
S β o K1 K2 TB TC TD ag = a * g
A 1 2.5 1 2 0.1 0.4 3 0.3924
B 1 2.5 1 2 0.15 0.6 3 0.3924
C 0.9 2.5 1 2 0.2 0.8 3 0.3924
 
Table D-7: Value introduced by the E.C.8 in order to draw the response spectrum graph 
 
The procedure used to obtain the ADSR graph is the same already performed in the 
previous example of calculation, and thus, only the representation of the graph will be 
reported: 
ADSR graph type B
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Figure D-10: ADSR for soil B 
 
After evaluating the ADSR graph, it is necessary to compute the capacity curve related 
to the selected macro-element for a given mechanism. 
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In the following all the calculations of the transept (one of the possible selected macro-
elements on the structure) subjected to in plane mechanism (mechanism 8) will be 
described. 
The selected part is reported in the next picture and the mechanism that can occur for 
seismic action applied on transversal direction is shown. 
 
 
 
 
 
 
 
 
                   
Figure D-11: In plane mechanism of transept       
            
The limit analysis procedure can be applied when the geometrical properties of the 
structure are well-known because the main measures pass through the principal of 
virtual works application. 
Thus, the following step is describe the sub-structure in terms of its geometry, establish 
the plastic hinges positions when the mechanism is activated and describe all the forces 
applied on the macro-element, due to the structural system or due to the mass of the 
structure object of the study. 
in the next picture B-4 the geometrical properties of the transept will be reported 
considering this element divided into different blocks, depending on the plastic hinges 
formations. These element have been studied considering some paper in literature and 
put in the references. In fact, in the chapter 4th and 5th, three different plastic hinges 
locations have been taken into account (mechanism 8, mechanism 9 and mechanism 10). 
In this application only one of the total transept mechanism will be introduced. 
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Figure D-12: Different parts of the same macro-element. 
 
Area (m2) thickness (m) Volume m 3
block 1 70.97 1.7 120.65
block 2 8.77 1.7 14.90
block 3 84.93 1.7 144.38
block 4 8.50942 1.7 14.47
block 5 60.46 1.7 102.78
block 6 36.03 1.7 61.26
block 7 121.229 1.7 206.09
 
Volume (m 3 ) density (t/m 3 ) Force (t)
block 1 120.65 2.3 277.49
block 2 14.90 2.3 34.27
block 3 144.38 2.3 332.07
block 4 14.47 2.3 33.27
block 5 102.78 2.3 236.40
block 6 61.26 2.3 140.89
block 7 206.09 2.3 474.01
 
Table D-8: Geometrical properties of the selected macro-element. 
 
Using the measure above reported is possible to apply the principal of virtual works, in 
order to know the multiplier αo. This coefficient represents the relation between the 
vertical and horizontal forces acting on the macro-element that activate its mechanism. 
In order to evaluate αo , it is possible to consider the following formulation: 
 
desst MM =  
 
 
 
 
0=⋅+⋅+⋅+⋅+⋅+⋅ oCoCoBoBoAoAvCvCvBvBvAvA lFlFlFlFlFlF
0=⋅⋅+⋅⋅+⋅⋅+⋅+⋅+⋅ oCvCoBvBoAvAvCvCvBvBvAvA lFlFlFlFlFlF ααα
block 1
block 2
block 3
block 4
block 5
block 6 block 7
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The geometrical measures and the value of the forces involved in the formulation above 
mentioned are reported in the next table and lead to following value for a multiplier 
coefficient: 
088.0=oα  
Force (t) lvi (m) loi (m)
A 277.49 -0.9563 6.273
B 34.27 -1.28705 13.5632
C 332.07 -0.17785 13.2106
D 33.27 0.065523 17.5647
E 236.40 -1.29953 8.73011
F 140.89 -0.41966 4.82527
G 474.01 -0.70515 4.63027
   
Table D-9: Values used in order to find the multiplier coefficient. 
 
Knowing only the αo value is not enough to have a global idea about the behaviour of 
the macro-element for a given mechanism. 
In fact, as before said, the multiplier coefficient gives an information of the first step of 
the motion, but on the other hand, understand the total movement until the collapse of 
the sub-structure is important. 
On the literature, it is possible to find the formulation that allows to know the reference 
point displacement value obtained when the multiplier αo is equal to zero. 
In order to have a global information it is necessary to know another important 
geometrical parameter, θ, by using the cinematic chains, as shown in the following 
 
 
 
 
 
 
 
 
 
 
Figure D-13: Mechanism of the transept. 
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Figure D-14: Mechanism of the transept to compute θ. 
 
A 277.49 ton
l1 1.81 m
R 12.72 m
β 1.41 rad 81 °
θ 0.142511343 rad 8.17 °
 
 
Using the cinematic chain, it is also possible to know the reference point displacement, 
chosen in the top of the transept as reported in the picture below: 
 
 
Adopting the above procedure is possible to know the reference point displacement 
when the multiplier coefficient is equal to zero. This condition describes the not 
possible circumstance to find an equilibrium configuration between the destabilizing 
moment and stabilizing moment and thus the collapse can occurs. 
In order to get possible the comparison between the structural capacity and the seismic 
actions demand, the capacity curve must be represented considering the acceleration on 
la1
la2 la2
la1
β
θ
block 7block 6
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block 1
reference point
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the vertical axis and the displacements on the horizontal axis, taking into account the 
SDOF system. 
To do it, some value must be known using the formulations listed in the following and 
described in the chapters of the work. 
1)  Participation mass: 
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2) Fraction of the participation mass in the mechanism: 
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3) Spectral acceleration of the activation of the mechanism: 
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Even the spectral displacement of the reference point, related to the spectral 
acceleration equal to zero, can be obtained using the following relations: 
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At the end, the spectral capacity curve can be depicted as shown below: 
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Figure D-15: Spectral capacity curve of the transept for a given mechanism. 
 
The elastic branch of the capacity curve must be determined. It is necessary to know the 
displacement and the acceleration values in the limit elastic condition. 
the displacement in the limit elastic condition can be evaluated by the following 
assumption:  
** 4.0 us dd ⋅=        →       
*
,
* 4.0 oku dd ⋅=  
 
after knowing the displacement value is possible to know the spectral acceleration 
value in the limit elastic condition (as*) using the inverse of the following formulation: 
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The secant period of the elastic branch can be obtained using the following equation: 
 
 
 
 
The values obtained can be recap in the table reported below: 
 
du* (m) ds* (m) as* (m/sec2) Ts* (sec) 
0.846 0.338 0.883 3.886 
Table D-10: Values used in order to obtain the elastic branch of the capacity curve. 
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spectral capacity curve
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Figure D-16: Spectral capacity curve of the transept for a given mechanism with elastic branch. 
 
The last step consist of putting in the same graph the demand curve and the spectral 
capacity curve, as shown in the following picture: 
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Figure D-17: Comparison between the capacity curve and demand curve. 
 
The intersection point occur in the elastic branch of the spectral capacity curve. 
Actually, the computation of the hysteretic energy dissipation could be avoid, but the 
latter hypothesis has been introduced in every calculations to take into account the real 
structural behaviour. The evaluation of the demand displacement dd* has been 
conducted using the formulation introduced in the paragraph 3.5 of the present work. 
For that reason the comparison between the ultimate capacity displacement and demand 
displacement can be evaluated without doing more complex calculations. The demand 
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displacement is equal to the horizontal coordinate of the intersection point. In the 
following table the demand displacement, the ultimate displacement and the safety 
factor are reported. The safety factor has been obtained by means of the ratio between 
the displacement fore mentioned; safety factor more than unit value allows to the 
technician to state the safety of the structures under seismic load condition, while  
safety factor less than the unit value establishes a dangerous situation for the building 
object of study. 
 
dd*(m) du*(m) safety coefficient 
0.202 0.846 *
*
..
d
u
d
d
cS =  4.19 
Table D-11: displacements values and safety coefficient 
 
The level of the damages that can occur on the macro-element considering a seismic 
actions acting on the structure can be evaluated in according to Lagomarsino’s 
Hypothesis (described in the third chapter) as in the following shown: 
Sd = 0.20 m label
0.7 Sdy = 0.24 m D0 TRUE no damage
Sdy = 0.34 m D1 FALSE
0.25 Sdu = 0.53 m D2 FALSE
0.5 Sdu = 1.06 m D3 FALSE
Sdu = 2.11 m D4 FALSE
Analyses results
 
Table D-12: Level of damage in according to Lagomarsino’s hypothesis 
 
Taking into account the fore reported values, it is possible to state that the macro-
element of the structure shows a safety coefficient equal to 4.19 and for that reason, 
dangerous situation should be avoid. Moreover, using the Lagomarsino’s classification, 
the maximum level of damage should be present on the structure is equal to D0 (no 
damages), under seismic action. 
 
